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SUMMARY 
A series of silica supported catalysts were prepared by 
impregnation of the support materials with a nickel (II) nitrate 
precursor under standard conditions. The catalysts and silicas 
were characterised using temperature programmed reduction (TPR) 
techniques, neutron diffraction, small angle neutron scattering, 
and 29si magic angle spinning nuclear magnetic resonance (MAS-
NMR). These analyses revealed one significant variable in the 
silicas:- the surface concentration of strained siloxane rings 
containing three silicon atoms. 
The catalysts were tested using ethene as a probe molecule 
and the amination of ethanol as a test reaction in conjunction 
with various tracers (2H, 3H, Significant 
differences in behaviour and activity were observed, these 
differences correlated with the surface concentration of the 
strained three membered rings. Possible interactions between 
reactants and the rings were proposed to explain the observed 
differences in behaviour. 
Based on the tracer studies it was possible to propose a 
mechanism for the amination reaction over the catalysts. The role 
of the silica surfaces in influencing the activity of the 
catalysts was illustrated in terms of the proposed reaction 
mechanism. 
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1. Organisation. Scope. Aims and Objectives 
1.1 Organisation and Scope 
The work reported in this thesis forms part of a 
collaborative study, funded by the ICI Strategic Research Fund, 
involving three University research groups:- Dr. L. Gladden 
(Cambridge University, Department of Chemical Engineering), Prof. 
G. Webb (Glasgow University, Department of Chemistry), and Prof. 
J.R. Jones (Surrey University, Department of Chemistry). 
These three research groups, in conjunction with Dr. S.D. 
Jackson (Catalysis Centre, ICI Research and Technology, 
Billingham) and Dr. R.W. Griffiths (General Chemicals Group, ICI 
Research and Technology, Runcorn) have been involved in an 
extensive study of the preparation, characterisation and 
properties of silicas and silica supported metal catalysts, with 
a view to gaining a better understanding of the effects of metal 
and support structure on catalytic activity and selectivity. 
1.2 Aims and Objectives 
Silicas and silica supported metal catalysts have been 
largely neglected in terms of their structural characterisation 
and effects of structure on catalytic behaviour. This is a direct 
consequence of the incredible complexity of silicas and of the 
inability to prepare well characterised silicas reproducibly. 
Recent technological developments have led to the 
preparation of a new generation of silicas with well defined and 
well characterised properties. These advances offer an 
opportunity to develop a better understanding of the fundamental 
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structural properties of silica supported metal catalysts and of 
the effects of structure on catalytic behaviour. 
By varying, in a controlled manner, the variables in the 
silicas (surface area, pore size, pore volume, pore size 
distribution and thermal treatment) it should be possible to 
identify and clarify the role support structure has in 
determining the catalytic properties of supported materials. This 
should ultimately provide a means of predicting catalyst 
behaviour on the basis of structural data. An ability to make 
such predictions will allow desirable activities and 
selectivities to be engineered into the catalyst at the 
preparation stage. To meet these objectives the three University 
research groups have been involved in an integrated research 
program, concentrating in the areas of their expertise. 
This thesis will cover aspects of the characterisation of 
the catalysts and the testing of the catal¥sts using ethene as 
a probe molecule and the amination of ethanol as a test reaction. 
In order to study the reaction chemistry, tracers, stable and 
radioactive, have been employed. Careful consideration of all of 
the data obtained by the various centres should allow a 
fundamental understanding of 
relationships to be determined. 
support structure-activity 
such an understanding would 
clearly be of benefit to catalyst design. 
2. The use of tracers in the study of heterogeneous catalysis 
"The year 1933 was a red letter year for the science of 
surface catalysis since, in that year, the isotope deuterium 
became available for catalytic studies" wrote H. s. Taylor1 in 
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1946, recognising the enormous potential of deuterium (2H) as a 
tracer even in the days before mass spectrometry became 
available. 
Since these early beginnings many different isotopic 
tracers, both radioactive and stable, have been used to study 
various aspects of catalyst and surface chemistry e.g. direct 
monitoring of surface species and processes, catalyst 
characterisation, mechanistic and kinetic studies2-4 • 
The principle of tracer applications in catalytic and 
mechanistic studies is as follows: a labelled compound is added 
to the reaction mixture, and chromatographic separation, mass 
spectrometry or radio-assay reveals the fate of the label. The 
ultimate fate of the tracer can either be used to confirm the 
understanding of the system or provide novel information on the 
system. 
2H is perhaps the most widely used stable isotope and has 
been extensively used in the study of hydrogenation, 
hydrogenolysis and isotope exchange in many catalytic systems5- 17 • 
Indeed it was the use of 2H in the study of alkene hydrogenation 
that enabled the reaction mechanism to be elucidated18 • 
Other stable isotopes that have been used include 15N, 18o 
and 13c. 15N was used by Horiuti 19 in the study of ammonia 
synthesis catalysts and otto20 used it to study the reactions of 
nitric oxide with ammonia over platinum/alumina catalysts. 18o 
has been used by Kuelks21 to study the participation of lattice 
oxygen in catalytic oxidations and more recently by Jackson22 who 
studied exchange between CO and C02 over copper catalysts. 
The use of stable isotopes requires, in general, mass 
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spectroscopy to determine the presence of the isotope in a 
particular species. Whilst this has its advantages, its main 
disadvantage is the relative difficulty encountered in 
determining the position of label within molecules from 
fragmentation patterns. As discussed later, there is great 
potential for the use of stable isotopes such as 2H and 13c in 
conjunction with solid state NMR spectroscopy techniques23-29 • 
Radioisotopes, in particular 3H and 14c, have also been 
widely used. The principal advantage of radio-tracers for 
catalytic investigations is the sensitivity available for 
detecting very small numbers of radioactive atoms. To put this 
in perspective consider the following: 1 mci of tritium 
represents 1016 atoms, the radio-chromatographic analysis 
described later can detect 1 ｾ｣ｩ＠ of tritium, and an adequate 
signal to noise in 3H NMR solution studies can be obtained from 
as little as 40 ｾ｣ｩＮ＠
Important areas where radio-tracers are used include the 
direct monitoring of surface processes and in mechanistic 
studies, where this sensitivity is a distinct advantage. The use 
of radio-tracers to directly observe species adsorbed on catalyst 
surfaces was pioneered by Thomson and Wishlade30 , the apparatus 
used has subsequently been modified and such studies can now be 
performed on metal films and supported materials at pressures 
between 10-6 and 760 Torr at temperatures between 0 and 60°C, 
using a variety of species including 14c, 35s, 36c1 and 18F4•31 -40. 
Tritium, although a widely used tracer, cannot be 
practicably used in direct monitoring studies as its B radiation 
at 18.6 KeV is too weak to allow detection by end window Geiger-
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Muller detectors. However, Paal and Thomson41 -42 did carry out a 
study of tritium retention in platinum black catalysts using 
liquid scintillation counting (LSC). Although self absorption 
severely limited the quantification, they were able to conclude 
that significant amounts of tritium were retained by the 
catalysts. 
It is in mechanistic studies where radio-tracers have found 
most of their applications. For example, Hall and co-workers 
studied the oxidation of alkenes over a variety of catalysts45 -47 • 
Over Pd and Pd-Au alloys the partial oxidation products acetic 
acid, acetic anhydride and ethene oxide were found. Experiments 
conducted with reaction mixtures containing ( 14c]-acetaldehyde, 
in addition to ethene and oxygen, showed that most of the 
radioactivity appeared in the acetic acid. This was used as 
evidence that acetaldehyde was an intermediate in acetic acid 
formation. The absence of radioactivity in the carbon dioxide 
formed was evidence that it was formed directly from ethene. They 
concluded, in agreement with other workers48 , that the partial 
and complete oxidations were parallel processes: 
1) + 
+ = 
2) = = 
Examples such as this are numerous in the literature3 •4 , but 
this serves to illustrate the kind of information and conclusions 
that can be drawn from tracer studies. 
NMR techniques, both solution and solid state in particular, 
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have great potential in the study of catalytic systems. It must 
be remembered that NMR analysis is restricted to nuclei with a 
nuclear spin > o. This of course excludes 14c, but does include 
3H, 2H, 13c and 15N43-44 • Clearly conventional solution NMR 
techniques can provide regiospecific information more 
conveniently than mass spectrometry, but in addition solid state 
studies allow direct monitoring of catalyst surfaces and the 
species present on them in situ, the enormous potential of this 
is obvious. The advantages of combining stable and radio- tracer 
studies with solid state and solution NMR techniques have been 
demonstrated in numerous publications. 
Klinowski and co-workers24 have used solid state 1H MAS NMR 
(magic angle spinning) spectroscopy extensively to study the 
interactions between alcohols and zeolites, this has allowed them 
to investigate many aspects of zeolite chemistry including shape 
selectivity, binding sites and the mechanism of carbon-carbon 
bond formation. Boddenburg and Beerwerth27 used solid state 1H and 
2H NMR spectroscopy to investigate the adsorption of benzene on 
alumina and alumina supported platinum catalysts. In addition to 
looking at adsorbed species, solid state NMR can also be used to 
study the catalyst directly. Thus Chao and Chern28 used 29si MAS 
NMR to characterise zeolites following ion exchange, this allowed 
the position of the cations in the framework to be determined. 
Finally Slichter et al 29 used 13c and 195Pt MAS NMR to investigate 
the interactions between co and Pt on supported Pt catalysts. 
Clearly solid state NMR techniques have a lot to offer to the 
catalyst chemist, however more traditional solution studies in 
conjunction with tracers have also been used extensively, 
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especially in mechanistic studies. 
Elvidge and co-workers, who pioneered 3H solution NMR 
spectroscopy and developed it into a routine technique44 , have 
studied the influence of steric hindrance on the regiospecificity 
of 3H labelling of substituted pyridines with Pt catalysts and of 
substituted toluenes with Raney nickel and Lewis acid catalysts 
using 3H NMR49 ,so. 
Long, Garnett, and Odell 51 have used 3H solution NMR 
extensively in the study of heterogeneous catalysis by such 
diverse species as ｺ･ｯｬｩｴ･ｳ ＵＲ ｾ ＵＴ Ｌ＠ Raney nickel 55 , and irradiated 
silica gel 56 • 
It is hoped that this brief review has indicated the uses 
to which tracers, in combination with a variety of analytical 
techniques, can be put when studying catalysis. 
3. Research program 
3.1 Introduction 
As stated above the principal goal of this work is to gain 
a fundamental understanding of the influence a given silica 
support can exert on the catalytic activity of any catalyst 
prepared from it. 
The incredible complexity of silica can be discovered by 
referring to Ilers "The Chemistry of Silica1157 • The term silica 
covers a myriad of assorted species in crystalline, amorphous, 
hydrated and hydroxylated forms. A species can be called silica, 
if in analysis, it is found to be of the composition Sio2 ; this 
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in no way reveals any of its properties or characteristics. 
The variables that may be present within a material 
described as silica include: crystallinity, solubility, surface 
area, porosity, pore volume, pore size, surface silanol 
concentration, particle size, purity or hydrophobicity. 
This list, probably incomplete, demonstrates the need in 
terms of the aims of this project to study catalysts supported 
by well characterised and reproducible silicas, if anything at 
all is to be understood. 
Four silicas, thought to be sufficiently well characterised 
and differing in some of the properties outlined above, were 
chosen:- ICI, Cabosil, CS2040 and CS1030E (see appendix A for 
specific details) . From these silicas a series of catalysts were 
prepared, distributed to the research groups and studied. 
The research program described in this thesis is as follows: 
1) Construction of apparatus. 
2) Preparation of catalysts. 
3) Characterisation of catalysts. 
4) Ethene as a probe molecule. 
5) study of amination reactions. 
The results of these studies, when considered with the results 
of the studies of the other research groups, should then enable 
the aims to be met. 
3.2 Construction of apparatus 
The first requirement was the need to construct an apparatus 
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in which heterogeneously catalysed gas phase reactions could be 
investigated. Its construction would need an element of 
flexibility so that a wide variety of experiments could be 
undertaken without undue difficulty. 
Prior to using the apparatus there would be a need to fully 
characterise the catalysts, with techniques such as temperature 
programmed reduction (TPR) playing a prominent part. The 
catalysts would then be tested using ethene as a probe molecule 
and the amination of ethanol as a test reaction. 
Tracers, both stable and radioactive, would be used wherever 
they could be of benefit, and this, along with the demands of the 
planned experiments, had to be taken into account when designing 
the apparatus. 
3.3 Preparation of catalysts 
In order to investigate the role of the silica support in 
determining catalyst activity it was essential that the catalysts 
were prepared under standard conditions on well defined, 
reproducible batches of physically distinct silicas. The four 
materials chosen offer extremes in preparation techniques and 
properties that should provide the resulting catalysts with 
distinct properties which should be reflected in their catalytic 
properties. 
Two of the commonest methods used for the preparation of 
silica catalysts include co-precipitation and impregnation58-60 • 
The co-precipitation method involves the simultaneous 
precipitation of the support and metal from solution, e.g. an 
acidic solution of nickel (II) nitrate and sodium silicate will, 
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when basified, co-precipitate nickel hydroxides and silica. 
Impregnation consists of soaking the support with a solution of 
the metal salt, and then drying. The supported salt can then be 
reduced directly or first calcined, to yield supported metal 
oxide, and then reduced. The impregnation method was used to 
prepare all of the catalysts. 
3.4 Characterisation of catalysts 
Most catalyst preparation techniques result in the formation 
of supported metal salts, in order to activate the catalysts 
these salts must be reduced to yield supported metal. The 
processes occurring during catalyst reduction and the features 
of the catalyst following reduction can be monitored and used to 
provide useful information on the state of the catalyst. 
Many techniques61 have been used for this purpose including 
x-ray powder diffraction, electron microscopy, photoelectron 
spectroscopy and infrared spectroscopy. These techniques, whilst 
powerful, have not proved entirely suitable for characterising 
catalysts and suffer from the disadvantage that they require 
specialist and expensive equipment. 
Temperature programmed reduction is a technique which is 
sensitive to the environment of the metal species on the surface 
and which does not depend on any specific property of the 
catalyst other than that the species under study be reducible. 
It is thus ideally suited to a study of silica supported 
nickel catalysts prepared by impregnation, and was the principal 
characterisation technique employed here (note that the Cambridge 
and Glasgow groups carried out more extensive characterisation 
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using techniques such as 29si solid state NMR, neutron 
diffraction, small angle neutron scattering and transmission 
electron microscopy. The details of which will be covered by them 
and are not relevant to this discussion) . 
In general the unreduced catalyst is loaded into a suitable 
reactor and swept with the reducing gas at a temperature low 
enough to prevent reaction. After a suitable time the temperature 
of the catalyst bed is linearly increased and the uptake of 
hydrogen and hence progress of the reduction monitored. Hydrogen 
diluted with an inert carrier gas e.g. 5-10% hydrogen/nitrogen 
is commonly used as the reducing gas, and thermal conductivity 
detectors {TCD) are a convenient way of monitoring the uptake of 
hydrogen. This provides a characteristic reduction profile and 
is a sensitive means of detecting the reduction of surface 
species. Other methods used to monitor reduction include pressure 
variations and mass changes61 • 
It is usually found that the reduction profiles of supported 
metal oxides and salts differ from those of the bulk species59 • 
Reduction can be hindered or promoted depending on the support. 
These effects may result from interactions between support and 
metal, a severe case of which is the formation of silicates on 
silica ｳｵｰｰｯｲｴｳｾＮ＠
3.5 Ethene as a probe molecule 
The hydrogenation, hydrogenolysis and isotope exchange 
reactions of ethene and of alkenes in general has been widely 
studied over many catalysts. Although still the subject of 
debate, the interactions and processes that occur are well 
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understood. Ethene is thus an ideal molecule with which to probe 
the silica supported nickel catalysts. Such a study will enable 
comparisons to be made between the catalysts with respect to 
three processes i.e. exchange, hydrogenation and hydrogenolysis. 
Isotopes, in particular 2H, have been widely used in the 
study of ethene hydrogenation and the use of tracers has 
contributed much to the understanding of the reaction that now 
exists. The experiments involving 2H were generally conducted 
under static or pulse conditions using stoichiometric or excess 
2H; mass spectrometry was used to identify the products and to 
determine the 2H distribution in them. In essence it was found 
that the 2H distributions changed with time and multiple 
labelling of products and reactants occurred. Based on these and 
other results the following general mechanism is accepted18, 63 : 
+X +X 
= = 
-X 
It is difficult to specify the origin of the "hydrogen" 
species (X) involved in each step as the dissociative adsorption 
of ethene is well established. For example, when ethene is 
admitted to fresh catalytic surfaces rapid hydrogenation is 
observed18 • This phenomenon is known as "self hydrogenation", and 
is interpreted as indicating the following surface process: 
= + 
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The hydrogen formed in this way is active and will react 
with ethene to yield ethane. An elegant example of self 
hydrogenation in operation can be found in the work of Campbell 
and Mooney64 • They carried out ethene hydrogenation over 
supported nickel catalysts in the absence of hydrogen, the only 
hydrogen in the system being that retained. by the catalysts. This 
retained hydrogen was labelled with 3H; when ethene was pulsed 
over the catalysts retention and hydrogenation was observed, but 
no radioactivity was observed in the products, the conclusion 
drawn was that ethane was formed only by self hydrogenation. This 
type of experiment is essentially the same as those that will be 
reported later. 
In much of the current work on ethenejalkene hydrogenation 
the reaction is used diagnostically and for characterisation 
purposes. Siegel et al65 used the reaction to identify the 
reactive sites on platinum metal catalysts and Gay66 used ethene 
adsorption in conjunction with solid state NMR to identify 
surface species. Boudart and McConica67 used cyclohexene 
hydrogenation to characterise supported nickel catalysts and 
Choren et al68 used ethene hydrogenation as a probe reaction to 
determine the amount of active hydrogen remaining on supported 
platinum catalysts following reduction. 
3.6 Amination reactions 
Aliphatic amines are important products of the chemical 
industry and find applications in most fields of modern 
technology, agriculture and pharmaceuticals69 • Silica supported 
catalysts are not tlSed in amination processes as they are 
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generally of low activity. It is hoped that amination reactions 
will thus clearly differentiate the catalysts in terms of 
relative activity. In addition to their importance as chemical 
products the interactions between amines and silica surfaces is 
of considerable interest and relevance to the understanding of 
the role the silica support may play in determining catalyst 
activity in amination reactions70 • 
Amines may be prepared by aminating alcohols, aldehydes or 
ketones in the presence of ammonia and hydrogen over a suitable 
catalyst at elevated temperatures and pressures71 • These 
processes result in the formation of primary, secondary and 
tertiary amines. Hydrocarbons, nitriles and ethers are commonly 
formed as by-products. 
There is no unanimous view on the mechanism of reaction, and 
numerous alternatives have been proposed. For alcohol amination 
the two most favoured mechanisms involve either an alkene 
intermediate or an aldehyde intermediate71 • 
In the first case the alcohol is first dehydrated to yield 
an alkene, the ammonia then adds across the alkene to yield the 
amine product. The first step of the second mechanism is the 
dehydrogenation of the alcohol to aldehyde, addition of ammonia 
to the aldehyde yields an imine, which is hydrogenated to yield 
amine. In addition to these alternatives, there is some evidence 
that the mechanism involves the direct substitution of the 
hydroxy group in the alcohol by the ammonia71 • 
The bulk of the modern literature on the subject of alcohol 
amination favours the aldehyde mechanism72 -77 • It is hoped that 
this work will add to the understanc;ting of the reaction mechanism 
17 
in addition to highlighting any differences in activity and 
behaviour attributable to support effects. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 
--------------------------------- ---···· 
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1. Apparatus 
See Figure 1. For strength and ease of construction, grade 
316 0.25 11 stainless steel (SS) tubing was used for the bulk of 
the apparatus, with couplings made of the same material where 
necessary. All tubing was thoroughly cleaned before use. 
Incorporated into the apparatus was a trap, a tritium 
reservoir, a tritium scrubber ("getter") and a reactor arm, all 
of which could be by-passed with ss three way valves. The latter 
were also used to allow the gas line to be operated in either 
flow or recirculating modes. 
A Shimadzu GC14A series gas chromatograph (GC), with thermal 
conductivity (TCD) and flame ionisation (FID) detectors, was used 
for analysis of the reaction mixtures. The FID detector of the 
GC was modified to act as a radio-detector and placed in series 
with the TCD detector to allow simultaneous analysis of 
radioactive and non radioactive species. Three way taps were 
added to allow the carrier gas to flow via the line and reactor, 
or via gas sampling valve 'B'. Two additional taps were added to 
allow the column to be by-passed. Finally, the GC was interfaced 
to a computer for data handling. 
In flow mode the GC was in series with the line, valve 'A' 
being used to pulse reactants into the carrier gas and over the 
catalyst. In the recirculating mode the GC is parallel to the gas 
line, valve 'B' being used to pulse samples of the recirculating 
gas into the carrier gas for analysis. 
The valves used were Negretti-Zambra 8 port GSV valves, 
again constructed out of 316 ss. A peristaltic pump was used to 
pump the gases when in the recirculating mode. 
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Figure 1: Diagram of apparatus 
A- Peristaltic pu.p. B- 8 port gas saAple valve, C- Pressure gauge. D- Pirani gauge. 
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A small 2.5 kW tube furnace was built to heat the reactor, 
and this was controlled by a REX-P9 process controller. 
The tritium scrubber was used to remove excess tritium gas 
from the gas line at the end of each experiment. The gas was 
absorbed onto palladium sponge, and could be released again on 
heating in vacuo (200°C at 0. 5 torr). A 250 W band heater 
controlled by a REX-C10 process controller was used to heat the 
storage vessel. 
2. Preparation of catalysts 
Data on the silica support materials can be found in 
appendix A. 
Catalysts were prepared with 1 and 10% Ni (wjw) loadings by 
aqueous impregnation of the support materials (500g) with 
sufficient (25.0 ml and 250.0 ml respectively) of an acidic 
nickel (II) nitrate solution (Clitheroe, 23.6 ± 0.6 % Ni wjv) to 
reach the desired metal loading. 
The silicas and the nickel precursor were mixed in a 
rotating drum for around 1 hour, with additional demineralised 
water added as necessary in order to facilitate thorough and even 
mixing, this varied from 700 ml for the ICI support to 3.5 1 for 
the Cabosil support. After initial drying in a rotary evaporator 
for approximately 4 hours, the catalysts were further dried in 
an oven at 80°C overnight. This procedure was used for the 
catalysts supported by the ICI and CS1030E silicas. 
The very low density of the Cabosil support required that 
the procedure be modified. The support (500 g) was mixed with 3. 5 
1 of water for 1 hour with glass beads prior to the addition of 
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the nickel precursor. After mixing, the slurry was dried with a 
jet of hot air for 16 hours before oven drying as above. 
The CS2040 silica was known to be unstable to pore collapse 
in aqueous media, and so two catalysts were prepared with a 1% 
Ni loading by aqueous· and non-aqueous impregnation with a 
solution of nickel (II) nitrate (BDH Analar) in acetone (BDH 
Proanlys) • 
Two solutions of 10 g nickel (II) nitrate in water {800 ml) 
and acetone (850 ml) were prepared and used to impregnate 200 g 
portions of the CS2040 support. After mixing in a rotating drum 
for 1 hour the catalysts were dried in a rotary evaporator. Final 
drying was achieved by heating at 80°C in an oven overnight. The 
catalyst impregnated in acetone was given the suffix NAQ and the 
catalyst impregnated in water the suffix AQ. 
After drying, all the catalysts were calcined at 400°C in 
flowing air. The calcined catalysts were then distributed to the 
various groups at cambridge, Glasgow and Surrey for study. 
3. Temperature programmed reduction (TPR) experiments 
3.1 Standard experiments 
All gases were passed through a drying unit (Phasesep) and 
deoxygenator (Phasesep) before use. The reactor tube was 
typically loaded with 500 mg of the calcined catalyst being 
studied. 
The reactor and line, in flow mode, were first swept witq 
He for 30 minutes, and then with 5% hydrogen in nitrogen for a 
further 30 minutes. The gas flow was then adjusted to 25 mljmin. 
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and the reactor bed heated from room temperature to 750°C at 5°C 
per minute. This temperature was maintained for a further 30 
minutes. Hydrogen uptake during the reduction was monitored using 
the TCD detector of the GC, the column having been by-passed. 
3.2 Tritium experiments 
These reductions were carried out in recirculating mode with 
3H2 so that exchange processes and hydrogen retention by the 
catalysts could be investigated. The peristaltic pump was 
operated with silicone tubing (RS Components), which was found 
to be satisfactory for these experiments. 
To ensure as near a complete reduction as possible, it was 
essential that an excess of hydrogen be present throughout the 
course of the reaction. The volume of the line and trap is 
estimated at around 200 ml at RTP, but since PV=nRT, n will 
increase when the trap is cooled to liquid nitrogen temperature. 
Further, in order that 3H2 consumption could be accurately 
monitored it was necessary to use 5% hydrogen/nitrogen as the 
reducing gas. This restricted the catalyst loading to 40 mg for 
10% Ni/Si02 and 400 mg for 1% Ni/Sio2 catalysts. Assuming that 
the principal process was that of NiO reduction, these quantities 
of catalysts would require 3-4 ml of hydrogen for complete 
reduction, thus ensuring an excess of hydrogen in the system. 
The gas line was first swept with helium before being 
evacuated to 0.1 torr for 30 minutes. The trap was then cooled 
with liquid nitrogen before the line was filled to 2-4 PSI (where 
14.7 PSI = 760 torr) above atmospheric pressure (i.e. total 
pressure approximately 16.7-18.7 PSI) with 5% hydrogen/nitrogen. 
29 
Approximately 125 mci of 3H2 (specific activity around 25 
Cijmmol) was added from the reservoir and the mixture circulated 
to allow equilibration for 15 minutes. The recirculation rate was 
generally in excess of 100 mljmin •• 
At a recirculation rate of 100 mljmin. , the gas hourly space 
velocities (GHSV1 , ratio of volume flow rate to volume of bed) 
were as shown in Table 1 (assuming flow rate of 6000 mljhr with 
reactor loadings of 40 mg for 10% catalysts and 400 mg for 1% 
catalysts) . 
Table 1: GHSV 1 s during recirculating catalyst reduction 
catalyst Bed volume (ml) 
10% ICI 0.05 110000 
1% ICI 0.55 11000 
10% Cabosil 0.11 55000 
1% Cabosil 1.10 5500 
1% CS2040 1.11 5400 
10% CS1030E 0.09 63000 
1% CS1030E 0.95 6300 
Following equilibration the reactor bed was heated from room 
temperature to 750°C at 5°C per minute as described in 3.1 above. 
Samples of the recirculating gas were withdrawn at regular 
intervals and analysed using the radio-detector of the GC. Any 
water formed by the reduction process was removed in the trap. 
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At the end of the experiment the excess tritium was adsorbed 
by the "getter", and the catalyst sample withdrawn and counted. 
This was achieved by washing a weighed portion of the catalyst 
(typically 6-10 mg) with a known volume of water (2 ml), and 
determining the total radioactivity by liquid scintillation 
counting (LSC). In this manner an estimate of labile activity 
could be obtained. LSC was also used to determine the 
radioactivity present in the water formed during the reduction 
process. 
4. Ethene probe experiments 
The catalysts were reduced with 3H2 (around 125 mci total 
activity) in the recirculating mode as described in 3.2, except 
that the catalyst bed was heated from room temperature to 400°C 
in 1 hour and held at this temperature for 3 hours. At the end 
of the reduction the catalyst bed was allowed to cool in the 
recir-culating reduction gas (treatment A) • Following the removal 
of the excess tritium the line was swept with helium. 
The gas flow was then switched to the GC column and adjusted 
to 25 ml/min., this required a total line pressure of 25.6 PSI. 
The TCD and radio- detectors were then switched on and allowed 
to settle. 
The catalyst bed was then heated from 50°C to 400°C at 50°C 
intervals, and at each temperature an 80 ｾＱ＠ (at RTP, 3.3 ｾｭｯｬＩ＠
ethylene pulse was passed over the catalyst. The ethylene pulse 
was analysed by gas chromatography using a 1. 5 m. x 1/8" ss 
Poropak Q (80-100 mesh) column at 0°C. 
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In a second series of experiments the line preparation and 
reduction procedure outlined above was repeated, except that at 
the end of the reduction the catalyst bed was maintained at 400°C 
for 1.5 hours whilst it was swept with helium (treatment B). The 
activity of the eluent gas was monitored using the radio-detector 
of the GC. In all cases the radioactivity of the gas had returned 
to background after 1.5 hours. 
A typical chromatogram of an ethylene pulse is presented in 
Figure 2. This figure shows the pulse over 1% Ni/CS2040 NAQ at 
300°C. The order of elution is methane, ethene and ethane. 
5. Amination reactions 
5.1 Preparation of radio-labelled substrates 
All substrates and reagents were Analar grade, and used 
without additional purification. NMR spectra were run on a Bruker 
AC300, operating at 300 MHz for 1H and 320 MHz for 3H. See 
Chapter 3 (3.4.1) for results. Note that THO = [3H]-H2o. 
5.1.1 r3HJ-Ammonia 
A thick walled glass tube was fitted with a "suba-seal", 
evacuated, and filled with ammonia. Tritiated water (THO, 3 ｾＱ［＠
20 Cijml) was injected into the tube and the mixture allowed to 
equilibrate for 30 mins. before use. 
5 .1. 2 r 1-3HJ-Ethanol2 
Absolute ethanol (600 Ml, 10.5 mmol), 
Tris(triphenylphosphine)ruthenium (II) chloride (TPPR, 15mg, 
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TCD SIGNAL AREA 
Ethene 
Methane 
0 TIME (Mins.) 15 
TRITIUM DETECTOR AREA 
Ethene 
Ethane 
Methane 
0 TIME (Mins.) 15 
Figure 2: Gas chromatogram of an ethene pulse over 1% Ni/CS2040 NAQ 
at 300 °C. 
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0.015 mmol) and THO (10 ｾＱ［＠ 20 Ci/ml) were placed in a thick 
walled glass tube. The tube was evacuated, sealed, and heated at 
150°C overnight. 
After opening, the contents of the tube were poured onto 
anhydrous magnesium sulphate, ethanol being isolated from the 
mixture in vacuo. Following analysis. by 1H and 3H NMR 
spectroscopy, the labelled product was stored over 4A molecular 
sieve at -18°C. 
5.1.3 [2-3HJ-Acetaldehyde3 
Acetaldehyde (300 ｾＱ［＠ 5.4 mmol), pyridine (50 ｾＱ［＠ 0.5 mmol) 
and THO (3 ｾＱ［＠ 50 Cijml) were placed in a thick walled glass 
tube. The tube and its contents were frozen, evacuated and sealed 
before being heated at 80°C for 2 hours. 
At the end of this period the tube was cooled, opened and 
the contents poured onto anhydrous magnesium sulphate. The 
product was then isolated in vacuo and analysed by 1H and 3H NMR 
spectroscopy. 
5.1.4 r3HJ-Acetone 
Acetone (300 ｾＱ［＠ 4.5 mmol) and THO (3 ｾＱ［＠ 20-50 Ci/ml) were 
placed in a screw capped vial and a pellet of sodium hydroxide 
added. This mixture was left to stand for 12 hours, before 
anhydrous magnesium sulphate was added and the acetone removed 
in vacuo. The product was analysed by 1H and 3H NMR spectroscopy. 
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5.1.5 [2-3HJ-Ethanolamine2 
Ethanolamine (100 mg; 1.6 mmol), freshly prepared platinum 
black (20 mg) and THO (3 ｾＱ［＠ 50 Ci/ml) were placed in a thick 
walled glass tube. The tube was frozen, evacuated, sealed and 
heated at 140°C for 24 hours. 
The tube was then opened and the contents extracted with 
dichloromethane. This solution was then dried over anhydrous 
magnesium sulphate before the solvent was blown off in a stream 
of nitrogen. 3 x 5 ml portions of methanol were added and blown 
off in a similar manner before the product was analysed by 1H and 
3H NMR spectroscopy. 
5.1.6 [G-3HJ-Propan-2-ol2 
Propan-2-ol (300 ｾＱ［＠ 4 mmol), TPPR (2 mg; 0.002 mmol) and 
THO were placed in a thick walled glass tube. The tube was 
frozen, evacuated, sealed and heated at 150°C for 12 hours. 
After opening, the contents of the tube were extracted with 
ether and filtered. The ether solution was washed with 3 x 1 ml 
portions of a saturated sodium sulphate solution. After washing 
the ether solution was dried over anhydrous magnesium sulphate 
before the ether was distilled off. The product was further 
purified by vacuum distillation before 1H and 3H NMR spectra were 
obtained. 
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5.2 The amination of ethanol 
5.2.1 Standard reduction procedure 
The reactor was loaded with 200 mg of catalyst and swept 
with neat hydrogen for 30 minutes. The flow was then reduced to 
25 ml/min. and the reactor bed heated from room temperature to 
400°C in 1 hour and maintained at this temperature for a further 
3 hours. The catalyst was cooled in flowing hydrogen and the 
reactor was filled with 24.7 PSI (total) of hydrogen before it 
was bypassed. 
5.2.2 Standard amination procedure 
The line was heated to 110°C and evacuated to 0.1 torr 
before it was filled with hydrogen (typically 6 PSI above 
atmospheric pressure). The hydrogen was then circulated at around 
15-40 mljmin., and ammonia pulsed into the line (generally 30-60 
ml; 1.23-2.45 mmol), 3H2 , if used, was then added along with 
ethanol ( 10-100 J.£1; 0.18-1.8 mmol) • This mixture was recirculated 
for 30 mins. whilst the GC was prepared for use and the catalyst 
bed heated to the reaction temperature. 
The reaction mixture was then passed over the catalyst, and 
1 ml samples withdrawn and analysed by GC using a 1.5 m x 6 mm 
glass column packed with Chromosorb 103 (80-100 mesh) at 100°C, 
25 ml/min. He carrier gas. 
At the end of the experiment the reaction mixture was 
trapped out by cooling the trap with liquid nitrogen. The 
products were dissolved in d3-deuterochloroform (500 J.£1) and 
analysed by NMR spectroscopy. 
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For reference purposes, note that, if 60 ml of ammonia and 
35 ｾＱ＠ of ethanol was used at a total pressure of 21.7 PSI the 
reaction mixture will have the following composition: 
Ammonia 2.45 mmol, partial pressure 4.77 PSI. 
Ethanol 0.63 mmol, partial pressure 1.08 PSI. 
Hydrogen 8.72 mmol, partial pressure 15.85 PSI. 
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1. Catalyst preparation 
Table 1: Summary of catalyst data 
support 
ICI 
Cabosil 
CS2040 NAQ 
CS2040 AQ 
CS1030E 
% Ni 
(wjw) 
1.2 
10.3 
1.7 
10.9 
1.4 
1.5 
1.6 
10.9 
Surface area 
(m2. g·1. ) 
424 
209 
293 
396 
290 
Pore size 
(radius, nm.) 
2.0 
0.0 
0.0 
9.1 
5.2 
7.2 
Table 1 demonstrates the wide variations in surface area and 
porosity of the catalysts. It can be seen that the aqueous 
impregnation of the CS2040 silica has resulted in the pore radius 
contracting to 5.2 nm from 9.1 nm. 
2. Characterisation of catalysts 
2.1 Standard TPR experiments 
See Figures 1-8. Inspection of the reduction profiles 
reveals some similarities and some significant differences. All 
the catalysts have a main reduction peak between 350°C and 400°C, 
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ｔｅｾｦｐｅｒＮａ＠ TURE (C) 
Figure 1 (Top) : TPR profile of 1Y. Ni/ICI. 
Figure 2 (Bottom): TPR profile of lOY. Ni/ICI. 
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HYDROGEN UPTAKE 
TEMPERATURE (C) 
HYDROGEN UPT.AKE 
TEMPERATURE (C) 
Figure 3 (Top) : TPR profile of lY. Ni/Cabosil. 
Figure 4 (Bottom): TPR profile of lOY. Ni/Cabosil. 
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HYDROGEN UPTAKE 
TEMPERATURE (C) 
HYDROGEN UPTA.KE 
TEMPERATURE (C) 
Figure 5 (Top): TPR profile of Ｑｾ＠ Ni/CS130E. 
Figure 6 (Bottom): TPR profile of 10% Ni/CS1030E . 
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HYDROGEN UPTAKE 
TE}IPERATURE (C) 
HYDROGEN UPTAKE 
TEMPERA.TURE (C) 
Figure 7 (Top) : TPR profile of Ｑｾ＠ Ni/CS2040 NAQ. 
Figure 8 (Bottom): TPR profile of Ｑｾ＠ Ni/CS2040 AQ. 
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which presumably corresponds to the reduction of nickel oxide in 
a common environment on the silica supports. Mile and co-workers1 
have studied the reduction of Nijsilica catalysts and interpret 
this reduction peak as corresponding to the reduction of large 
crystallites of bulk nickel oxide, where there is little 
interaction with the support, which is merely acting as a 
dispersing agent. 
However, on the catalysts supported by the ICI, CS1030E and 
CS2040 NAQ silicas there are second high temperature reduction 
peaks at temperatures in excess of 400°C. This indicates that 
there is either a unique nickel oxide environment or a unique 
type of nickel oxide on these silicas. 
Again Mile and co-workers1 found a similar high temperature 
reduction peak, and reasoned that there were two possible 
explanations for this behaviour; either there was some Ni present 
as nickel silicates or some of the NiO was present as small, 
difficult to reduce particles. 
Delman et a12•3 and other workers4 have also found evidence 
for NiO of low relative reducibility. They also proposed a system 
in which very small and hence difficult to reduce particles were 
present. Likewise Burch and Collins5 propose a two particle 
system to explain different reducibilities in molybdenum 
oxide/alumina systems. However, there is also a significant body 
of researchers who believe in the nickel silicate explanation4 •6 •7 • 
Nickel silicate formation is a characteristic of catalysts 
prepared by precipitation8 and ion exchange9 , but there is . less 
evidence for its formation from impregnation techniques. 
The Cambridge group10 have characterised the silicas by 
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neutron diffraction and 29si NMR and the 
ICI supported catalysts by small angle 
neutron scattering 1 SANS 1 (see Appendix 
B). This characterisation of the silicas 
revealed that the surfaces consisted of 
cyclic species, containing between 10 and 
3 Si atoms. However, the distribution of Three s i 
structure. 
the three membered ring species varied 
significantly between the different silicas (Table 2). 
ring 
Table 2: Surface three membered ring distribution on silica 
support materials 
support 
ICI 
Cabosil 
CS2040 NAQ 
CS2040 AQ 
% 3 Membered rings 
40-50 
5 
30-35 
< 20 
These three membered rings are highly strained and so 
relatively unstable11 • There is a clear correlation between those 
> 
catalysts that contain two reduction peaks (ICI and CS2040 NAQ) 
and the surface concentration of three membered rings on the 
silica. The implication is that there is an interaction between 
the nickel and the three membered rings which releases the strain 
of the silica and forms a unique nickel environment which 
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manifests itself as the second reduction peak. The SANS study 
confirmed that there was a bimodal particle distribution on the 
ICI supported catalysts. The catalysts supported by the ICI and 
CS2040 NAQ silicas were also found to have smaller nickel 
particles present that were more resistant to sintering than the 
Cabosil and CS2040 AQ silica supported catalysts. 
This evidence suggests that the nickel interacts strongly 
with and is possibly even bound by the three membered rings, this 
results in a bimodal particle distribution, resulting in a unique 
nickel environment and resistance to sintering. Thus the 
catalysts split into two groups; A) ICI and CS2040 NAQ: high 
surface concentration of three membered rings, two reduction 
peaks, a bimodal particle distribution and resistance to 
sintering; B) Cabosil and CS2040 AQ: low surface concentration 
of three membered rings, single reduction peak and readily 
sintered. 
+ H 0 + Ni 2 + 2 
i) Oven dry 
... 
ii) Calcine 
Ｏｎｩｾ＠
0 0 
I \ 
Si Sl \ I 
Ｐｾ＠ /0 
Si 
Scheme 1: Interaction between Ni and three membered rings 
､ｵｲｾｮｧ＠ impregnation. 
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Scheme 1 illustrates a possible mechanism of interaction 
between the three membered rings and the nickel during 
impregnation and calcination. Following calcination the nickel 
bridges the rings, with the result that this interaction strongly 
binds the nickel and releases the strain in the rings. Reduction 
of these species corresponds to the high.temperature reduction 
peak in the TPR profiles, leading to the formation of small 
nickel particles and re-formation of the strained rings. 
2.2 Tritium TPR experiments CTTPR) 
See Figures 9-16. 
First consider the "reductions" of the blank ICI and Cabosil 
supports (Figures 9 and 11) . In both cases there is no sudden 
drop in the tritium signal area, instead a small but steady loss 
of tritium occurs as the reactor bed is heated; this loss becomes 
more significant beyond 450°C in both cases, and is believed to 
be due to hydrogen isotope exchange between surface water and 
silanol groups, with the exchange probably facilitated by the 
presence of water vapour desorbed from the silicas as the reactor 
bed is heated. 
The radioactivity remaining on the silicas and in the trap 
at the end of each experiment is shown in Table 3. It can be seen 
that the radioactivity of the supports is the same, but more 
water is desorbed from the ICI silica. 
Consider now the reduction of the catalysts. In all cases 
there is no significant tritium loss until the onset of reduction 
occurs, in all cases around 300°C. There is then a significant 
and steady tritium loss throughout the remainder of the 
experiment. A repeat experiment was performed with 1% Ni ICI and 
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the agreement obtained between each experiment was excellent. 
Generally the temperature at which tritium loss is greatest 
corresponds to the position of the maximum reduction peak in the 
standard TPR experiments. A continued loss of tritium follows 
reduction. The amount of hydrogen retained by the catalysts was 
determined at the end of the experiment, as was the water formed 
during the reduction, see Table 3. 
Table 3: Residual radioactivity following TTPR experiments. 
1% ICI 
1% lCI 
ICI silica 
10% ICI 
1% Cabosi l 
Cabosi l silica 
10% Cabosi l 
1% CS1030E 
10% CS1030E 
1% CS2040 NAQ 
1% CS2040 AQ 
Catalyst 
Activity 
21 
16 
8 
11 
8 
8 
2 
14 
8 
18 
2 
Radio-
(mCi/g) 
Water Radio-
Activity (mCi/g) 
208 
175 
17 
3200 
218 
10 
2800 
130 
4200 
360 
370 
26 
24 
d 22 
Ill 6 20 
"B 18 
c 
El 16 
ｾ＠ 14 
ｾ＠ 12 
ｾ＠ 10 
d 
Ill 
8 
6 
0 
35 
30 
6 25 
0 
c 
.2120 
ｾ＠
E 
ｾ＠ 15 
ｾ＠
10 
5 
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Figure 9: Reduction of 400 mg 
1% Ni/ICI. 
150 300 450 600 
Temperature (C). 
--- 1 sf experiment. --+- Repeat --*- Silica blank. 
Figure 1 0: Reduction of 40 mg 
1 0% Ni/ICI. 
0 150 300 450 600 
Temperature {C). 
750 
750 
18 
16 
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ｾ＠ 14 
g 12 
Ol 
1; 10 
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20 
10 
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Figure 1 1 : Reduction of 40 0 mg 
1% Ni/Cabosil. 
150 300 450 600 
Temperature (C). 
- 1% Ni/Cobosil. --+- Blank silica. 
Figure 12: Reduction of 40 mg 
1 0% Ni / Cabosil. 
150 300 450 600 
Temperature (C). 
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Figure 1 3: Reduction of 40 0 mg 
1% Ni/CS1 030E. 
4 
0.00 150.00 300.00 450.00 600.00 750.00 
Temperature (C) 
Figure 1 4: Reduction of 40 mg 1 0% 
Ni/CS1 030E. 
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Figure 1 5: Reduction of 40 0 mg 
1% Ni/CS2040 NAQ. 
45 
40 
15 
10 
0 
0 
150 300 450 600 
Temperature (C). 
Figure 1 6: Reduction of 400 mg 
1% Ni/CS2040 AQ. 
150 300 450 600 
Temperature (C). 
750 
750 
------------------------- -. ·-- -
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The catalysts supported by the ICI, CS1030E and CS2040 NAQ 
silicas retain more tritium than the Cabosil and CS2040 AQ 
supported catalysts. Further, the 1% Ni loaded catalysts retain 
more tritium than the corresponding 10% Ni loaded catalyst. 
The residual tritium on the catalysts can arise from 
hydrogen spillover and exchange between silanol groups and 3H2 • 
The spillover of hydrogen and exchange of silanols are 
independent of metal particle size, and so it is principally the 
properties of the silica which affect the ability of the 
catalysts to retain hydrogen or tritium. It is postulated that 
the three membered rings on the silica surface could act as 
receptor sites for spillover hydrogen. An interaction such as 
this would account for the high residual activity of the ICI and 
CS2 04 0 NAQ supported catalysts. Spillover on the Cabosil and 
CS2040 AQ supported catalysts is limited by the low surface 
concentration of the three membered ring receptor sites. 
It must be remembered that the method used to determine 
residual catalyst radioactivity would determine tritium 
associated with the support and the metal. A further series of 
experiments was conducted to determine whether any hydrogen was 
occluded by the metal particles. 
200 mg of 1% Ni ICI and Cabosil were reduced in the same 
manner, but following reduction the catalyst bed was maintained 
at 400°C and swept with helium until there was no activity 
detected in the eluting gas. In both cases this was around 90 
minutes. The catalysts were then transferred to a nitrogen filled 
glovebox and washed with 10 x 2 ml portions of distilled water, 
and finally with 2 ml of 10% nitric acid. The radioactivity in 
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each washing was determined by liquid scintillation counting 
(LSC) and is shown in Table 4. 
Table 4: Residual radioactivity on catalysts following a post 
reduction helium sweep 
Wash 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Total 
Ni/ICI 
(mCi/g) 
6.615 
1.763 
0.312 
0.102 
0.034 
0.015 
0.008 
0.006 
0.005 
0.004 
8.865 
0.034 
Ni/Cabosil 
(mCi/g) 
4.759 
0.606 
0.315 
0.104 
0.029 
0.011 
0.014 
0.004 
0.004 
0.009 
5.855 
0.025 
It is widely accepted that sweeping with helium at elevated 
temperatures will remove residual hydrogen associated with the 
metal following reduction procedures 12 • Thus the total 
radioactivity after the washings is representative of tritium 
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associated with the support. It can be seen that there is still 
more residual radioactivity on the catalyst supported by the ICI 
silica. 
The final acid wash should have dissolved the nickel 
particles on the catalysts, and so released any occluded tritium. 
It can be seen that the radioactivity in the acid wash is 
significantly higher than in the last water wash, this could then 
be due to tritium absorbed into the nickel particles. Again note 
there is more tritium released when the Ni/ICI catalyst is acid 
washed. 
2.3 Conclusions 
The simple characterisation experiments performed have 
indicated that the properties of the catalysts do depend on the 
physical characteristics of the silicas. This is demonstrated in 
the reduction behaviour of the nickel and the ability of the 
catalysts to retain hydrogen following reduction. The differences 
in behaviour correlate with the surface structure of the silicas, 
namely the surface population of strained ring species containing 
three silicon atoms. 
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3. Ethene as a probe molecule 
In the following Tables (5-9 and 11-15): * refers to carbon 
deposition based on stoichiometry, and ** refers to the hydrogen 
required to produce products formed based on 1 mole of ethene 
requiring 1 mole of hydrogen, and 1 mole of methane requiring two 
moles of hydrogen: 
+ 
+ 
= 
= 
3.1 Series one: Catalysts cooled in reducing gas (treatment A) 
See Tables 5-9. Note that the units are moles x 106 for 
product distributions, and MCi for tritium distributions. Table 
10 summarises the total carbon deposition, hydrogen availability 
from dehydrogenation over the catalysts and the hydrogen required 
to form the observed products. 
3.2 Series two: Catalysts swept with He at maximum reduction 
temperature (treatment B) 
See Tables 11-15. Note that the units are moles x 106 for 
product distributions, and MCi for tritium distributions. Table 
16 summarises the total carbon deposition, hydrogen availability 
from dehydrogenation over the catalysts and the hydrogen required 
to form the observed products. 
Table 17 compares the total tritium content of all products 
of reaction over the catalysts for each post reduction 
treatment. 
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Table 5: Product distribution over 1% Ni/ICI (A) 
c* 
50 0.00 4.10 0.00 0.00 
100 0.00 3.52 0.00 o.oo 
150 0.00 3.20 0.14 0.46 
200 0.00 1.52 1.10 2.10 
250 0.06 1.42 1.21 1.76 
300 0.06 1.74 0.39 2.76 
350 0.06 1.39 0.20 3.84 
400 0.23 0.42 0.10 5.64 
H ** 2 
0.00 
o.oo 
0.14 
1.10 
1.33 
0.51 
0.32 
0.56 
Table 5a: Tritium distribution in products over 1% Ni/ICI (A) 
50 0.00 0.00 0.00 
100 0.00 1.59 0.00 
150 o.oo 16.30 4.88 
200 2.90 27.09 43.63 
250 22.96 50.66 89.15 
300 47.39 78.73 34.22 
350 91.17 47.80 15.18 
400 186.85 19.52 11.66 
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Table 6: Product distribution over 1% Ni/Cabosil (A) 
c* 
50 0.00 3.70 o.oo 0.00 
100 0.00 3.61 o.oo 0.00 
150 0.00 3.42 0.00 0.00 
200 0.00 3.54 0.00 0.00 
250 0.00 0.29 0.95 4.66 
300 0.12 1.15 0.50 3.60 
350 0.07 0.86 0.18 4.83 
400 0.16 0.06 0.08 4.54 
H ** 2 
o.oo 
0.00 
0.00 
0.00 
0.95 
0.74 
0.32 
0.40 
Table 6a: Tritium distribution in products over 1% Ni/Cabosil (A) 
50 0.00 0.00 0.00 
100 0.00 0.00 0.00 
150 0.00 o.oo o.oo 
200 0.00 2.94 0.00 
250 12.44 ·9. 08 30.94 
300 26.51 23.73 10.44 
350 52.35 19.75 6.34 
400 123.51 1.74 3.70 
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Table 7: Product distribution over 1% Ni/CS2040 NAO (A) 
50 0.00 3.69 
100 0.00 3.45 
150 0.00 2.84 
200 0.00 2.25 
250 0.09 1.09 
300 0.23 0.45 
350 0.33 0.15 
400 0.97 0.00 
c* 
o.oo 0.00 
o.oo 0.00 
0.00 1.46 
0.44 1.76 
0.98 2.82 
1.06 3.66 
0.76 2.84 
0.23 4.74 
H ** 2 
0.00 
0.00 
0.00 
0.44 
1.18 
1.52 
1.42 
2.17 
Table 7a: Tritium distribution in products over 1% Ni/CS2040 NAO 
50 o.oo 0.00 o.oo 
100 0.00 0.00 o.oo 
150 0.00 3.05 0.00 
200 0.00 23.91 4.65 
250 14.09 47.40 52.19 
300 35.24 22.69 61.88 
350 68.82 8.62 48.16 
400 114.66 0.00 13.80 
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Table 8: Product distribution over 1% Ni/CS2040 AO (A) 
c* 
50 0.00 3.46 0.00 0.00 
100 0.00 3.67 0.00 0.00 
150 o.oo 3.55 0.00 1.46 
200 0.00 2.67 0.11 1.58 
250 0.00 0.56 1.13 3.38 
300 0.00 1.30 0.34 3.86 
350 0.07 1.96 0.44 2.20 
400 0.13 0.82 0.14 4.96 
H ** 2 
0.00 
0.00 
o.oo 
0.11 
1.13 
0.34 
0.58 
0.40 
Table Sa: Tritium distribution in products over 1% Ni/CS2040 AO 
50 0.00 0.00 0.00 
100 0.00 0.00 0.00 
150 0.00 0.00 0.00 
200 0.00 7.90 o.oo 
250 6.55 18.55 30.98 
300 14.30 47.35 10.68 
350 43.80 57.01 19.15 
400 82.75 22.99 1.42 
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Table 9: Product distribution over 1% Ni/CS1030E (A) 
c* 
50 o.oo 3.50 0.00 0.00 
100 o.oo 4.46 o.oo 0.00 
150 0.00 3.54 0.00 0.00 
200 0.00 3.11 0.18 0.56 
250 0.25 1.16 0.98 2.36 
300 0.05 3.00 0.31 0.42 
350 0.21 1.10 0.41 2.70 
400 0.39 0.00 0.15 6.06 
H ** 2 
0.00 
0.00 
0.00 
0.18 
1.48 
0.51 
0.83 
0.93 
Table 9a: Tritium distribution in products over 1% Ni/CS1030E (A) 
50 0.00 0.00 0.00 
100 0.00 0.00 0.00 
150 0.00 1.68 0.00 
200 0.00 14.37 4.66 
250 13.34 15.41 13.33 
300 32.99 3.09 15.00 
350 36.41 12.51 4.30 
400 90.96 0.00 1.68 
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Table 10: Total carbon deposition and hydrogen balance for ethene 
probe experiments over catalysts cooled in reducing·gas CAl 
Note: the top figure is moles x 105 and bottom figure is 
molecules x 1019. 
1% Ni/ 
ICI 
Cabosil 
CS2040 NAQ 
CS2040 AQ 
CS1030E 
c formed by 
dehydrogenation 
1.65 
0.99 
1.74 
1.04 
1.69 
1.04 
1.58 
0.95 
1.30 
0.78 
H2 from 
dehydrogenation 
1.65 
0.99 
1.74 
1.04 
1.69 
1.04 
1.58 
0.95 
1.30 
0.78 
H2 in 
products 
0.39 
0.23 
0.24 
0.14 
0.67 
0.40 
0.25 
0.15 
0.39 
0.25 
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Table 11: Product distribution over 1% Ni/ICI CB) 
c* 
50 0.00 3.54 0.00 o.oo 
100 0.00 3.60 o.oo 0.00 
150 0.00 3.00 o.oo 1.14 
200 0.00 2.35 o.oo 2.44 
250 0.00 1.92 0.35 2.32 
300 0.16 1.90 0.35 2.32 
350 0.27 1.96 0.30 2.08 
400 0.23 1.27 0.00 4.14 
H ** 2 
0.00 
o.oo 
o.oo 
0.00 
0.67 
0.67 
0.84 
0.46 
Table 11a: Tritium distribution in products over 1% Ni/ICI CB) 
50 o.oo 0.00 o.oo 
100 o.oo 0.00 0.00 
150 0.00 0.00 0.00 
200 0.00 0.00 0.00 
250 0.99 10.24 6.29 
300 13.26 17.08 11.30 
350 15.92 7.90 1.40 
400 31.80 3.83 1.18 
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Table 12: Product distribution over 1% Ni/Cabosil (B) 
c* 
50 0.00 3.64 0.00 0.00 
100 0.00 3.53 o.oo 0.00 
150 0.00 3.54 0.00 o.oo 
200 0.00 3.44 0.00 o.oo 
250 0.06 1.30 0.88 2.66 
300 0.00 1.86 0.19 3.04 
350 0.00 1.32 0.31 3.88 
400 0.08 0.03 0.06 6.80 
H ** 2 
o.oo 
0.00 
0.00 
0.00 
1.00 
0.19 
0.31 
0.22 
Table 12a: Tritium distribution in products over 1% Ni/Cabosil 
50 0.00 0.00 o.oo 
100 0.00 0.00 o.oo 
150 o.oo o.oo 0.00 
200 0.00 8.61 0.00 
250 25.77 72.18 64.61 
300 59.41 133.96 32.57 
350 113.66 85.15 23.97 
400 103.03 4.56 7.49 
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Table 13: Product distribution over 1% Ni/CS2040 NAO (B) 
50 o.oo 3.92 
100 0.00 3.38 
150 0.00 3.55 
200 0.00 3.63 
250 0.00 3.06 
300 0.11 1.05 
350 0.40 0.11 
400 1.03 0.22 
c* 
0.00 0.00 
o.oo 0.00 
o.oo 1.14 
0.00 2.44 
0.00 1.02 
0.34 4.12 
0.07 4.78 
0.04 4.56 
H ** 2 
o.oo 
0.00 
o.oo 
0.00 
0.00 
0.58 
1.47 
2.10 
Table 13a: Tritium distribution in products over 1% Ni/CS2040 NAO 
50 0.00 0.00 o.oo 
100 o.oo o.oo 0.00 
150 0.00 o.oo 0.00 
200 0.00 0.00 0.00 
250 0.00 6.30 0.00 
300 9.81 35.36 11.06 
350 66.01 4.49 29.98 
400 129.71 6.74 6.74 
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Table 14: Product distribution over 1% Ni/CS2040 AO (B) 
50 o.oo 3.44 o.oo 
100 o.oo 3.58 o.oo 
150 o.oo 3.70 o.oo 
200 0.00 3.56 o.oo 
250 0.00 1.34 0.54 
300 0.19 0.70 0.83 
350 0.18 0.84 0.42 
400 0.26 0.40 0.16 
c* 
0.00 
0.00 
0.00 
0.26 
3.38 
3.70 
4.26 
5.50 
H ** 2 
0.00 
o.oo 
0.00 
0.00 
0.54 
1.21 
0.78 
0.68 
Table 14a: Tritium distribution in products over 1% Ni/CS2040 AO 
50 0.00 o.oo 0.00 
100 0.00 0.00 o.oo 
150 0.00 0.00 0.00 
200 0.00 0.00 0.00 
250 2.91 24.79 15.43 
300 31.00 30.24 39.59 
350 59.98 34.18 18.67 
400 114.37 20.91 12.50 
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Table 15: Product distribution over 1% Ni/CS1030E (B) 
c* 
50 0.00 3.58 o.oo 0.00 
100 0.00 3.49 0.00 0.00 
150 0.00 3.57 o.oo 0.00 
200 0.00 3.51 0.00 0.00 
250 0.03 0.77 0.66 4.22 
300 0.09 0.81 0.45 4.44 
350 0.19 0.74 0.32 4.64 
400 0.21 0.00 o.oo 6.72 
H ** 2 
0.00 
0.00 
o.oo 
0.00 
0.76 
0.63 
0.70 
0.42 
Table 15a: Tritium distribution in products over 1% Ni/CS1030E 
50 0.00 0.00 o.oo 
100 0.00 0.00 o.oo 
150 0.00 0.00 o.oo 
200 o.oo o.oo o.oo 
250 12.60 15.68 42.69 
300 78.84 66.51 53.93 
350 119.77 30.09 13.27 
400 177.31 o.oo 4.99 
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Table 16: Total carbon deposition and hydrogen balance for ethene 
probe experiments over catalysts swept with helium at maximum 
reduction temperature CB) 
Note: the top figure is moles x 105 and bottom figure is 
molecules x 1019 • 
1% Ni/ 
ICI 
Cabosil 
CS2040 NAQ 
CS2040 AQ 
CS1030E 
c formed by 
dehydrogenation 
1.48 
0.89 
1.66 
0.99 
1.44 
0.87 
1.60 
0.96 
2.00 
1.20 
H2 from 
dehydrogenation 
1.48 
0.89 
1.66 
0.99 
1.44 
0.87 
1.60 
0.96 
2.00 
1.20 
H2 in 
products 
0.22 
0.13 
0.17 
0.10 
0.41 
0.24 
0.32 
0.19 
0.25 
0.15 
73 
Table 17: Comparison of tritium content of ethene probe products 
Units mcijg catalyst. 
Catalyst Methane Ethene Ethane 
ICI 3H 2 1.69 1.20 0.95 
He 0.32 0.20 0.10 
Cabosil 3H 2 1.09 0.29 0.26 
He 1.58 1.59 0.68 
CS2040 NAQ 3H 2 1.19 0.54 0.93 
He 1.08 0.27 0.25 
CS2040 AQ 3H 2 0.72 0.75 0.31 
He 1.05 0.55 0.43 
CS1030E 3H 2 0.87 0.24 0.19 
He 1.98 0.57 0.58 
3.3 Discussion 
The hydrogenation and hydrogen isotope exchange of alkenes, 
and of ethene in particular, has been widely studied and are the 
subject of many excellent reviews and papers 13-17 • There are 
aspects of the present study that are predictable on the basis 
of previous work, but some of the results are quite unexpected. 
The accepted reaction equilibria are as shown below13• 17 (note 
that (g) indicates a species in the gas phase and (a) a species 
adsorbed on the catalyst surface) . 
Briefly, gas phase ethene is in equilibrium with adsorbed 
ethene. If suitable conditions prevail, hydrogen can be added to 
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the adsorbed ethene to yield an adsorbed ethyl radical. This 
radical can either lose a hydrogen and revert to the adsorbed 
ethene species or add a further hydrogen and be converted to 
ethane. The relative positions of the equilibria are dependent 
on the conditions. Inspection of such a scheme demonstrates how 
it is possible to observe radio-labelled ethene and ethane in any 
given pulse over the catalyst bed. 
+H +H 
= = 
-H 
Over the catalysts there is a common sequence of events. At 
low temperatures the ethene passes through the bed unchanged, but 
as the temperature is increased some of the ethene is adsorbed, 
and radio-labelled ethene is observed in the eluting products. 
As the temperature is further increased ethane is formed, which 
was radio-labelled. However, at these higher temperatures methane 
formation was observed. Qualitatively, the radioactivity of the 
methane formed was very much higher than that of the other 
products of reaction. 
The methane can arise from the hydrogenolysis of ethene or 
ethane, for example: 
C2H4 = CH4 
C2H6 + 2H2 = 
The work of Kemball 18 and Taylor19, 20 showed ethene could be 
cracked, but that a similar amount of ethane would yield more 
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methane under any given set of conditions. 
Over all of the catalysts some of the ethene is irreversibly 
adsorbed. The amount of ethene irreversibly adsorbed does not 
vary significantly from catalyst to catalyst or on the post 
reduction treatment (see Tables 10 and 16). It is assumed that 
the irreversibly adsorbed material is present as extensively 
dehydrogenated carbonaceous species. Kemball 17 and Taylor 18, 19 
concluded that in the absence of hydrogen (as was the case in the 
study reported here) ethane could also be adsorbed and 
dehydrogenated via methyl radicals eventually to carbon. Some of 
this carbon would act as a poison, but most could be 
rehydrogenated to yield methane. If such a mechanism was 
operating the specific activity of the methane would be expected 
to be high. 
The dehydrogenation of the various irreversibly adsorbed 
species will result in hydrogen formation, which would be 
available for reaction. Tables 10 and 16 show the amount of 
hydrogen made available assuming dehydrogenation of ethene. It 
is clear that there is sufficient hydrogen in the system from 
this source alone to satisfy the requirements for all the 
products of the reactions over each catalyst. 
In a general sense the results were as predicted based on 
the wealth of information available on such reactions. However, 
a more detailed analysis of the results reveals specific 
differences in behaviour between the catalysts that can not be 
explained in terms of any simple property of the catalysts, for 
example correlations between reactivity and surface area or pore 
size (see Table 1). 
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Consider first the catalysts cooled in reducing gas (Tables 
5-10) . The catalysts can be placed into two groups, those 
supported by the ICI and CS2040 NAQ silicas and those supported 
by the Cabosil and CS2040 AQ silicas. The CS1030E supported 
catalyst shows intermediate behaviour. 
The ICI, CS2040 NAQ and CS1030E catalysts show low 
temperature exchange and hydrogenation activity. The yields of 
methane and ethane are higher over the ICI and CS2040 NAQ 
catalysts at any given temperature. However, the CS1030E catalyst 
shows high methane formation like the ICI and CS2040 NAQ 
catalysts, but low ethane formation like the Cabosil and CS2040 
AQ catalysts. Table 17 shows that the radioactivity in the 
products of reaction over the ICI and CS2040 NAQ catalysts is 
generally higher than over the Cabosil, CS2040 AQ and CS1030E 
catalysts. These differences in behaviour, in terms of 
conversion, yields and tritium incorporation for the CS2040 
supported catalysts cooled in reducing gas, are illustrated 
graphically in Figures 17-20. 
The helium sweep should have removed any hydrogen associated 
with the metal 12 , and this is reflected in the loss of the low 
temperature exchange and hydrogenation activity over the ICI, 
CS2040 NAQ and CS1030E catalysts. The helium sweep has further 
effects. Over the ICI and CS2040 NAQ catalysts there is less 
ethane formation, with methane being slightly higher over the ICI 
catalyst. Similarly, over the Cabosil catalyst there is less 
ethane and methane formed, but over the CS2040 AQ catalysts more 
ethane and methane are formed. Methane and ethane formation drop 
over the CS1030E catalyst. Inspection of Table 17 shows that 
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following the helium sweep there is more radioactivity in the 
products of reaction over the Cabosil, CS2040 AQ, and CS1030E 
catalysts. If it is assumed that the helium sweep removes 
hydrogen from the system then the results are as expected, but 
the tritium distributions in the products are not as expected. 
The radio-chromatographic analysis gives the total radio-
activity of a known number of moles of each species in each 
pulse. From this data it is possible to calculate the specific 
activity of each species in any given pulse. Analysis of this 
data can provide significant information on the mechanism of 
reaction and allow the origin of the reactive hydrogens (see 
discussion and general equations above) to be determined. 
Tables 18-27 show the specific activities of the products 
over each catalyst and each post reduction treatment. Note that 
the specific activity = total radioactivity of product/total 
number of moles of product. 
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Table 18: Specific activities of products of ethene probe studies 
over 1% Ni/ICI (cooled in reducing gas, uCi/umol) 
50 
100 0.5 
150 5.1 34.8 
200 17.8 39.6 
250 382.6 35.7 73.6 
300 789.8 45.2 87.7 
350 1519.5 34.4 75.6 
400 812.4 46.5 116.6 
Table 19: Specific activities of products of ethene probe studies 
over 1% Ni/Cabosil (cooled in reducing gas. uci/umol) 
50 
100 
150 
200 0.8 
250 31.3 32.6 
300 220.9 20.6 20.9 
350 747.9 23.0 35.2 
400 771.9 29.0 46.2 
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Table 20: Specific activities of products of ethene probe studies 
over 1% Ni/CS2040 NAO (cooled in reducing gas. uci/umoll 
50 
100 
150 1.1 
200 10.6 10.6 
250 156.5 43.5 53.2 
300 153.2 50.4 58.4 
350 208.5 57.5 63.4 
400 118.2 60.0 
Table 21: Specific activities of products of ethene probe studies 
over 1% Ni/CS2040 NAO (cooled in reducing gas. uci/umoll 
50 
100 
150 
200 3.0 
250 33.1 27.4 
300 36.4 31.4 
350 625.7 29.1 43.5 
400 636.5 28.0 10.14 
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Table 22: Specific activities of products of ethene probe studies 
over 1% Ni/CS1030E (cooled in reducing gas. uci/umoll 
50 
100 
150 0.5 
200 4.6 25.9 
250 53.4 13.3 13.6 
300 659.8 1.03 48.4 
350 173.4 11.4 10.5 
400 233.2 11.2 
Table 23: Specific activities of products of ethene probe studies 
over 1% Ni/ICI (swept with helium, uCi/umoll 
50 
100 
150 
200 
250 5.3 18.0 
300 82.9 8.7 32.3 
350 59.0 4.0 4.7 
400 138.3 3.0 
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Table 24: Specific activities of products of ethene probe studies 
over 1% Ni/Cabosil Cswept with helium. uCi/umoll 
50 
100 
150 
200 2.5 
250 429.5 55.5 73.4 
300 72.0 171.4 
350 64.5 77.3 
400 1287.8 152.0 124.8 
Table 25: Specific activities of products of ethene probe studies 
over 1% Ni/CS2040 NAO (swept with helium. uci/umol) 
50 
100 
150 
200 
250 2.1 
300 89.2 33.7 32.5 
350 165.0 40.8 428.3 
400 125.9 30.6 168.5 
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Table 26: Specific activities of products of ethene probe studies 
over 1% Ni/CS2040 AO (swept with helium. uCi/umol) 
50 
100 
150 
200 
250 18.5 28.6 
300 163.2 43.2 47.7 
350 333.2 40.7 44.5 
400 439.9 52.3 78.1 
Table 27: Specific activities of products of ethene probe studies 
over 1% Ni/CS1030E (swept with helium, uCi/umol) 
50 
100 
150 
200 
250 420.0 20.4 64.7 
300 876.0 82.1 119.8 
350 630.3 40.7 41.5 
400 844.0 
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As stated above, these differences in behaviour can not be 
explained in terms of any simple physical property of the 
silicas. The differences in behaviour do however correlate with 
the TPR data and surface three membered ring distributions; the 
reduction profiles of the ICI and CS2040 NAQ catalysts show a 
high temperature reduction peak, have a high surface 
concentration of three membered rings and interact with ethene 
in a similar manner. The Cabosil and CS2040 AQ catalysts do not 
have a high temperature reduction peak in their TPR profiles, 
have a low surface concentration of three membered rings and 
interact with ethene in a similar manner. 
The Ni/CS1030E supported catalyst can not be so easily 
placed on the basis of its behaviour. This silica was unique in 
terms of this project in that it was not as well characterised. 
Being an extrudate it will have been manufactured with the 
addition of binders, which may result in different phases being 
present. As the silica is not well characterised, the further 
study of its influence on catalytic properties was less likely 
to reveal useful information, and so it was not studied any 
further. 
Analysis of the specific activity data is very revealing in 
terms of mechanistic information. Generally, over all catalysts 
and irrespective of post reduction treatment, the specific 
activities of the ethene and ethane are very similar. This 
implies that the hydrogen involved in the hydrogenation contains 
very little tritium and thus the primary mode of tritium 
incorporation into the products must be exchange. 
Teichner21 - 22 has shown that ethene can be adsorbed and 
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hydrogenated on silicas activated with spillover hydrogen, 
however the hydrogenation occurred over a period of many hours 
at temperatures in excess of 200°C. It is reasonable to conclude 
that the rate of hydrogenation on the silicas would be too low 
to be significant with the procedure used in this study. 
However, it is believed that the three membered silica rings 
act as both receptor sites for spillover hydrogen and ethene23 • 
Thus on the catalysts supported with the ICI and CS2040 NAQ 
silicas ethene exchange occurs on the support and hydrogenation 
on the metal. The three membered rings have no silanol groups 
associated with them and this leads to discontinuities in the 
surface coverage of silanols in the vicinity of the metal 
centres. These discontinuities limit exchange between (3H]-
silanols and hydrogen on the metal, thus the hydrogenation step 
on the metal proceeds with hydrogen derived from dehydrogenation 
processes, which is lean in tritium. 
In contrast, on the Cabosil and CS2040 AQ supported 
catalysts there are less three membered ring receptor sites, this 
limits spillover, ethene adsorption and exchange on the support. 
Therefore, ethene exchange and hydrogenation would occur 
primarily on the metal. Thus there are different series of 
equilibria in operation over the catalysts, dependent upon the 
characteristics of the support, and as a result of this the 
radioactivity in the products (which arises solely from 
equilibria processes) is support and hence catalyst dependent. 
Following the helium sweep the specific activity of the 
products of reaction reduces over the ICI and CS2040 NAQ 
catalysts but increases over the Cabosil and CS2040 AQ catalysts. 
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The helium sweep, since it removes hydrogen from the catalysts, 
will directly affect the equilibria over the catalysts, and thus 
affect the tritium content of the products. This has the greatest 
effect on the Cabosil and CS2040 AQ catalysts, where there is 
only limited spillover, but more efficient isotope exchange is 
possible between hydrogen on the metal and [3H]-silanols. 
Following the helium sweep the primary source of tritium is that 
exchanged into the silanols. The absence of hydrogen and tritium 
on the metal and in spillover sites provides a large 
concentration gradient between hydrogen on the metal and tritium 
on the support. This concentration gradient drives the rapid 
approach to equilibrium of the exchange between silanols and 
ethene. When the catalysts have residual hydrogen on the metal 
and in the spillover sites, as is the case when they are cooled 
in reducing gas, the gradient is much less severe and so the 
approach to equilibrium less rapid. Thus the change in behaviour 
over the catalysts following the helium sweep is a reflection of 
different approaches to equilibrium. 
The only exception to this pattern of behaviour is the ICI 
supported catalyst, where the ethane is 
radioactive than the ethene, regardless 
significantly more 
of post reduction 
treatment. There are two possible explanations for this; either 
there is a much larger reservoir of tritium on the metal or the 
mechanism whereby tritium is transported from the support back 
to the metal (i.e. reverse spillover) is more efficient during 
the reaction. The same pattern is observed following the helium 
sweep, which would remove tritium from the metal, and so the 
second explanation is more likely. 
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3.4 Conclusion 
The ethene hydrogenation data and TPR data shows that the 
catalysts can be grouped in terms of behaviourial characteristics 
as follows: 
Ni/ICI and Ni/CS2040 NAQ 
Ni/Cabosil and Ni/CS2040 AQ 
These pairings correlate with the surface concentration of 
three membered rings on the silica supports. 
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4. Amination reactions 
4.1 Preparation of radio-labelled substrates 
See Chapter 2 for details of experimental procedures. Note: 
All tritium NMR spectra were proton decoupled. 
TMS = Tetramethylsilane; m = multiplet; q = quartet; t = triplet; 
d = doublet; s = singlet; br = broad. Yield refers to chemical 
yield, unless otherwise stated. 
4.1.1 f1-3H]-Ethanol 
Yields were typically in excess of 80% (chemical and 
radiochemical) . 
300 MHz. 1H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 5.8, br s, 1H, -OH; 4.1, q, 2H, -CH2-; 1.7, t, 3H, CH3-. 
320 MHz. 3H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 5.8, br s, 39%, -OH; 4.1, s, 60%, -CH2-; 1.7, s, 1%, 
CH3-. 
The only impurity present was a small amount of water, which 
was minimized by storage over a molecular sieve (4A). Figure 21 
shows typical 1H and 3H NMR spectra of the labelled material. 
4.1.2 [2-3HJ-Ethanal 
The yields were generally quite low, around 3 0%, total 
activity 18 mci, specific activity 10 mCijmmol. 
300 MHz. 1H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 9.8, q, 1H, -CHO; 2.2, d, 3H, CH3-. 
320 MHz. 3H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 2.2, s, 100%, CH3-. 
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4.1.3 r3HJ-Acetone 
The acetone was prepared in yields of around 65%, with 
specific activities varying from 11-28 mCi/mmol. 
300 MHz. 1H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 2.2, s, 6H, CH3-. 
320 MHz. 3H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 2.2, s, 100%, CH3-. 
It was found that the acetone was not very stable and 
decomposed over a period of days, and so fresh batches were 
prepared as required. 
4.1.4 [2-3HJ-Ethanolamine 
Yield 57 %, specific activity 1.1 mCijrnmol. 
300 MHz. 1H NMR (CDC13 , TMS reference): o (ppm): 3.6, t, 2H, CH2-
0; 3.3, br d, 3H, -OH and NH2-; 2.8, t, 2H, CH2-N. 
320 MHZ. 3H NMR (CDC13 , TMS reference): 6 (ppm): 2.8, s, 100%, 
CH2-N. 
4.1.5 [G-3HJ-Propan-2-ol 
Yield 33%, 1.9 mCijmmol. 
300 MHz. 1H NMR (neat liquid, external lock and TMS reference): 
o (ppm): 5.5, br, H20 impurity; 4.9, br s, 1H, -OH; 4.4, m, 1H, 
-CH-; 1.5, d, 6H, CH3-. 
320 MHz. 3H NMR (neat liquid, external lock and TMS reference): 
6 (ppm): 5.5, s, THO impurity; 4.9, br s, 10%, -OH; 4.4, s, 10%, 
-CH-; 1.5, s, 80%, CH3-. 
The water impurity can be removed by further washing, but 
at the expense of yield. 
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Figure 21: 
Top:- 300 MHz. 1H NMR spectrum of [1-3H]-EtOH {Neat liquid, TMS 
Ref.) . 
Bottom:- 320 MHz. 3H NMR spectrum of Cl-3HJ-EtOH {Neat liquid, 
TMS Ref.). 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｊＭＭＭＭＭＭＭＭＭｾｬＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭ
9 8 7 6 
9 8 7 6 
5 
PPM 
5 
PPH 
4 
4 
2 
3 2 
92 
4.2 Choice of system 
Before amination reactions could be studied it was necessary 
to decide upon a suitable substrate. Initial possibilities 
included ethanal, ethanol, propan-2-ol, acetone and methyl ethyl 
ketone. All of these substrates could be conveniently labelled 
(see 4.1 above), and with the possible exception of propan-2-ol 
and ethanolamine, were sufficiently volatile for gas phase 
studies. 
Unfortunately ethanal reacts with ammonia to produce an 
unstable crystalline addition product. Although this product 
could be prevented from forming in· the gas line by heating, it 
was decided that it was an unnecessary complication, and so 
ethanal was dropped from the list of possibilities. 
Acetone was the next substrate considered, being very 
volatile and extremely easy to label. Initial studies showed that 
all of the catalysts would aminate acetone to yield 2-
propylamine, but it was not possible to resolve the reaction 
mixture by gas chromatography (GC). 
These initial studies highlighted a problem in the 
apparatus, namely that during the reactions unexplainable losses 
of acetone and ammonia were occurring. It was thought that the 
loss of acetone might be a condensation problem, but the losses 
still occurred when the line was heated to 110°C. The problem was 
eventually tracked down to the silicone tubing used in the 
peristaltic pump, which although approved for use with acetone 
and ammonia, was found to become saturated with both. Viton 
tubing (BDH) of the correct dimensions was obtained and was found 
not to absorb any substrate, but it did still absorb some 
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ammonia. This was acceptable and Viton tubing was thus used in 
the pump for all of the amination studies. 
The only reaction system that could be analysed by GC was 
the one involving ethanol. The GC conditions employed were as 
follows: 1.5 m x 6mm glass column packed with Chromosorb 103 (80-
100 mesh), He carrier gas at 25 mljmin., column temperature 
100°C. 
These conditions allowed the reaction mixture to be analysed 
for ammonia, ethylamine and ethanol. However, under the reaction 
conditions employed significant quantities of diethylamine and 
triethylamine are formed. Analysis of these secondary products 
was not possible with the above conditions, but their presence 
could be determined at the end of each amination by a 1H NMR 
analysis of the trapped reaction mixture. 
These preliminary studies showed that the rates of amination 
were low over the 1% Ni loaded catalysts, and so the bulk of the 
amination studies were conducted over the 10% Ni ICI and Cabosil 
catalysts. 
4.3 The amination of ethanol 
4.3.1 Blank experiments 
4.3.1.1 r3HJ-Ammonia and helium 
Following the reduction of the catalysts the line was filled 
with helium (at around 2 PSI above ambient pressure) and 30 ml 
(1.2 mmol) of [3H]-ammonia added. This mixture was then 
circulated over the catalyst bed at 140°C, samples of the gas 
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were periodically withdrawn and analysed by GC. An experiment was 
also performed in the same manner with an empty reactor. 
The results appear in Tables 28-30. 200 mg of catalyst was 
used, unless otherwise stated. Table 28 clearly shows that the 
pump tubing does absorb some ammonia, and obviously this 
restricts the information that can be obtained from the analysis 
of ammonia during the course of the aminations. It should have 
been possible to determine the adsorption of ammonia by the tube 
and correct for it. However, the tubing was very expensive and 
it had to be used in a number of experiments. The adsorption was 
found to vary with usage and so sensible corrections for tube 
adsorption were not practical. From Tables 29 and 30 it apparent 
that very little occurs when the ammonia alone is passed over the 
catalysts. There is evidence that the catalysts adsorb ammonia, 
but no hydrogen isotope exchange occurs. 
Table 28: Em)2ty reactor (Units = mmol and uCi) 
T <min.) NH3 [3HJ-NH3 
0 2.87 0.018 
7 2.48 0.017 
45 2.37 0.016 
53 2.38 0.016 
61 2.33 0.015 
71 2.30 0.015 
82 2.28 0.014 
99 2.24 0.015 
115 2.10 0.015 
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Table 29: 10% NiLICI (Units = mmol and uci> 
T <m;n.) NH3 [
3HJ -NH3 
0 1.20 0.038 
9 0.90 0.030 
34 0.87 0.027 
43 0.83 0.027 
52 0.83 0.028 
63 0.75 0.022 
72 0.79 0.027 
85 o.n 0.028 
97 0.76 0.025 
107 0.76 0.025 
Table 30: 10% NiLCabosil (Units = mmol and uci> 
T (m;n.) NH3 [3Hl -NH3 
0 1.24 0.059 
13 0.98 0.054 
27 0.97 0.047 
39 0.94 0.048 
53 0.91 0.046 
65 0.91 0.047 
78 0.88 0.047 
92 0.86 0.045 
104 0.89 0.045 
117 0.86 0.044 
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4.3.1.2 Ethanol 
These experiments were conducted along similar lines to the 
ammonia blanks, except that helium and hydrogen atmospheres were 
used with a variety of substrates, namely ethanol, [1-3H]-Ethanol 
and o6-ethanol. The specific details are given with each table 
but in all cases the catalyst bed was at 140°C, total pressure 
was around 2 PSI above ambient and ＳＵｾＱ＠ (0.63 mmol) of ethanol 
was used with 200 mg of catalyst. (Tables 31-35.) 
Table 31: [1-3H]-Ethanol in a helium atmosphere through an empty 
reactor 
Units are moles x 104 for ethanol and signal area for tritium. 
T (min.) Ethanol ( 3H]-Ethanol 
0 6.80 21.0 
10 6.57 20.3 
27 6.94 28.8 
38 6.78 29.3 
50 6.94 29.2 
61 6.82 30.2 
90 6.75 27.5 
101 6.94 30.0 
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Table 32: (1-3HJ-Ethanol in a helium atmosphere over 10% Ni/ICI 
Units are moles x 104 for ethanol and signal area for species A 
and B. Units are signal area for 3H species. 
T (min.) A t3HJ-A B r3HJ-B EtCH [3HJ -EtCH 
0 0.0 0.0 44.1 0.0 7.45 54.3 
10 50.4 2.1 123.4 2.9 6.02 37.8 
25 80.9 2.8 150.2 5.5 5.52 33.4 
39 83.9 1.9 142.2 3.1 5.20 35.2 
52 92.6 4.2 139.4 2.9 5.17 39.6 
63 99.5 1.8 140.2 2.7 4.93 33.0 
75 98.0 2.4 140.6 3.2 4.80 32.8 
86 105.9 2.3 141.4 2.7 4.44 31.7 
98 103.8 1.6 125.2 2.4 4.21 30.3 
110 108.8 1. 7 149.6 2.9 4.27 30.3 
Table 33: [ 1-3H] -Ethanol in a helium atmosphere over 10% 
NiLCabosil 
Units are moles X 104 for ethanol and signal area for species A 
and B. Units are signal area for 3H species. 
T (min.) A [3Hl -A B t3HJ -B EtCH r3Hl -EtCH 
0 0.0 0.0 85.6 0.0 8.15 55.2 
10 28.6 0.7 148.0 2.3 6.06 42.6 
21 44.3 2.0 164.1 3.7 6.13 45.4 
43 52.7 1.1 169.8 2.2 6.28 43.7 
55 54.4 2.2 173.3 4.4 5.79 40.4 
67 57.8 1.8 165.6 5.5 5.58 43.5 
78 53.9 1.4 154.1 3.5 5.61 41.3 
89 58.6 1. 7 154.4 3.6 5.57 41.9 
100 59.0 1.3 156.5 3.7 5.23 40.0 
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Table 34: Ethanol in a hydrogen atmosphere over 10% Ni/ICI 
Units are TCD signal. 
Time (min.) 
0 
14 
29 
40 
55 
65 
Hydrocarbon 
0.0 
4.3 
7.0 
8.6 
11.1 
11.7 
Water 
0.0 
11.1 
9.5 
11.1 
18.3 
15.6 
Ethanol 
222.2 
153.2 
133.4 
113.4 
119.0 
106.6 
Table 35: Ethanol in a hydrogen atmosphere over 10% Ni/Cabosil 
Units are TCD signal area. 
Time (min.) 
0 
15 
29 
67 
84 
107 
Hydrocarbon 
o.o 
0.0 
0.0 
2.0 
2.9 
3.3 
Water 
0.0 
o.o 
o.o 
7.0 
12.4 
12.7 
Ethanol 
197.8 
148.5 
152.9 
127.3 
134.8 
120.0 
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The results in Table 31 demonstrate that the Viton pump 
tubing does not absorb any ethanol. When ethanol in a helium 
atmosphere (Tables 32-33) is passed over the catalysts two 
species are formed; species A elutes as a non-retained peak and 
so could be hydrogen or hydrocarbon, species B has the same 
retention time as water and ethanal. An NMR analysis of the 
mixture trapped at the end of the experiment revealed that 
ethanal was indeed present, and so species A may well be hydrogen 
and B a mixture of water and ethanal. 
It must be remembered that the dehydrogenation of ethanol 
to ethanal is not a favourable reaction at 14 0°C (Keq = 5 x 10-3 ) • 
However, Robertson and Webb24 have shown by c18o2 exchange studies 
that there is residual oxygen on the catalyst surfaces following 
reduction. It is believed that the presence of this oxygen 
displaces the ethanol : ethanal equilibrium in favour of ethanal 
by removing hydrogen to produce water. If this were the case then 
A can not be hydrogen, but must presumably be hydrocarbon. 
Tables 34 and 35 show the results of experiments in which 
ethanol in a hydrogen atmosphere was passed over the catalysts. 
These experiments were conducted using hydrogen as the carrier 
gas for the GC analysis, thus if hydrogen was formed it would not 
be observed. Under these conditions any non-retained peak is 
likely to be hydrocarbon. 
Again there is a species that elutes as a non retained peak, 
which therefore must be a hydrocarbon • . NMR analysis of the 
trapped reaction mixture showed that ethanal was not present and 
so the water and hydrocarbon formed must arrive by combinations 
of dehydration and hydrogenolysis of the ethanol. Clearly the ICI 
100 
supported catalyst is more active towards the cracking of the 
ethanol in this manner than the Cabosil supported catalyst. 
In another experiment D6-ethanol in a hydrogen atmosphere 
was passed over 200 mg 10% Ni/ICI at 140°C as above. After 2 
hours the reaction mixture was trapped and analysed by 1H and 2H 
NMR spectroscopy. This analysis revealed that 84% of the total 
isotope exchange had occurred at the methylene group. Thus, under 
these conditions, there was a reversible methylene abstraction 
mechanism in operation over the catalysts. 
In a further experiment 15 ｾＱ＠ (0.27 mmol) of ethanol was 
passed over 200 mg 10% Ni/ICI at 140°C, after 20 minutes 10 ｾＱ＠
(0.18 mmol) of 23% 1-13c-ethanol was added and allowed to 
circulate for a further 20 minutes. After this period the 
recirculating gas phase was trapped and analysed by NMR 
spectroscopy. The 1H NMR spectrum of the gas phase was dominated 
by the signals from ethanol. 
The reactor bed was cooled to room temperature and swept 
with helium for 45 minutes. The bed was then heated from room 
temperature tO 500°C at 5°Cjmin. in flOWing helium (25 mljmin.) I 
all desorbed species being collected in a liquid nitrogen cooled 
trap. The 1H NMR spectrum of the desorbed species contained 
signals corresponding to ethanol and ethanal. The methylene group 
of the ethanol had 13c coupled satellites indicating rapid 
exchange between gas phase and ethanol adsorbed on the catalyst 
surface. 
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4.3.2 Amination of ethanol : ammonia (1:4) 
In this series of experiments 35 ｾＱ＠ (0.63 mmol) of ethanol 
was aminated in the presence of ammonia (60 ml; 2.45 mmol) in a 
hydrogen atmosphere (approximately 8. 72 mmol) at a total pressure 
of 21-23 PSI. See Tables 36-51 for results. 
4.3.3 Effect of catalyst loading 
These experiments were identical to those presented in 4. 3. 2 
except that 400 mg of catalysts was used. See Tables 52 and 53 
for results. 
4.3.4 Effect of doubling initial ammonia concentration 
Again these experiments were as before, except that a 
reactant ratio of 1:7 was used. This ratio was achieved by using 
18 ｾＱ＠ (0.32 mmol) of ethanol with 60 ml (2.45 mmol) ammonia, 200 
mg of catalyst was used in both cases. See Tables 54 and 55 for 
results. 
4.3.5 Effect of doubling initial reactant concentration 
· In this experiment the reactant ratio was 1: 6, but the 
starting concentrations were o. 85 mmol ethanol and 4. 94 mrnol 
ammonia. This is effectively the same experiment as that referred 
to in Table 54 except of course that the initial concentrations 
of ammonia and ethanol have been doubled. See Table 56 for 
results. 
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4.3.6 Amination of ethanol (1:4) with a low partial pressure of 
hydrogen 
Once again 35 ｾＱ＠ (0.63 mmol) of ethanol and 60 ml (2.45 
mmol) of ammonia was used but 5% hydrogen/nitrogen at 6 PSI above 
ambient pressure was used instead of neat hydrogen. Thus the 
reactant ratio was approximately 1 ethanol 4 ammonia : 0 • 7 
hydrogen. 200 mg of catalyst was used in each case. See Tables 
57 and 58 for results. 
Table 36: Amination of ethanol (1:4) over 10% Ni/ICI at 110°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 6.58 0.00 26.7 
38 49.9 3.30 0.40 22.2 
66 51.9 3.17 0.74 20.9 
85 58.8 2.71 0.76 20.3 
104 57.7 2.78 0.87 20.1 
151 66.9 2.17 0.87 19.6 
180 68.8 2.05 0.89 19.1 
212 71.2 1.89 1.02 18.6 
237 71.6 1.86 0.99 18.0 
294 76.4 1.55 1.01 17.4 
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Table 37: Amination of ethanol (1:4) over 10% Ni/ICI at 140°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 5.45 0.00 20.7 
37 56.1 2.39 0.74 16.2 
66 64.1 1.95 1.12 15.5 
101 68.1 1.73 1.14 15.0 
133 83.4 0.90 1.09 13.5 
157 83.5 0.89 1.29 13.0 
183 89.6 0.56 1.06 12.9 
209 90.2 0.53 1.02 12.4 
253 88.5 0.62 1.41 12.0 
272 90.8 0.50 1.48 11.9 
Table 38: Second amination over 10% Ni/ICI at 140°C (See Table 37 
for first amination) 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 6.18 0.00 25.4 
28 46.8 3.28 0.61 21.3 
53 50.2 3.07 0.93 20.3 
90 52.8 2.92 1.16 19.0 
128 66.5 2.07 1. 13 18.1 
157 69.9 3.53 1.27 17.5 
220 82.0 1.11 1.13 16.2 
246 76.0 1.48 1.65 16.2 
277 80.9 1.17 1.33 15.2 
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Table 39: Repeat first amination over 10% Ni/ICI at 140°C (See 
Table 37 for comparison) 
Units are moles x 104 • c = Conversion of ethanol. 
Table 
Units 
Table 
Units 
T <min.) % c EtOH EtNH2 NH3 
0 0.0 5.56 0.00 24.8 
25 52.5 2.63 0.59 20.8 
57 59.4 2.25 1.30 19.5 
92 72.2 1.54 1.41 18.5 
123 79.4 1.14 1.60 17.4 
153 89.7 0.57 1.24 16.7 
40: Amination of ethanol (1:4) over 10% NiLICI 
are moles X 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 5.26 0.00 25.7 
28 64.8 1.84 1.03 20.9 
58 80.8 1.00 1.62 19.1 
84 88.5 0.60 1.89 18.7 
112 96.1 0.20 1.46 17.8 
41: Amination of ethanol (1:4} over 10% NiLICI 
are moles X 
T (m1n.) % c 
0 0.0 
30 85.2 
62 84.3 
91 100.0 
104 • c 
EtOH 
5.74 
0.85 
0.90 
0.00 
= Conversion of ethanol. 
0.00 24.5 
1.38 19.2 
2.20 18.0 
1.88 17.4 
at 160°C 
at 180°C 
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Table 42: Amination of D6_ethanol (1:4) over 10% Ni/ICI at 140°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtCH EtNH2 NH3 
0 0.0 6.28 0.00 25.1 
29 28.5 4.49 0.00 21.0 
60 37.5 3.93 0.36 20.1 
91 43.3 3.56 0.54 19.1 
121 48.3 3.24 0.62 18.4 
206 65.5 2.16 0.70 15.3 
Table 43: Amination of ethanol (1:4) over 10% Ni/Cabosil at 110°C 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtCH EtNH2 NH3 
0 0.0 6.69 0.00 32.8 
30 34.1 4.41 0.38 27.1 
60 34.1 4.41 0.50 26.3 
91 39.3 4.06 0.53 26 . 1 
122 43.1 3.81 0.54 24.8 
151 49.1 3.79 0.49 23.6 
180 48.1 3.47 0.62 23.6 
217 47.3 3.52 0.70 23.1 
248 51.5 3.24 0.68 22.1 
290 49.3 3.39 0.80 21.2 
318 54.6 3.03 0.73 20.8 
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Table 44: Amination of ethanol (1:4) over 10% Ni/Cabosil at 140°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) %C EtCH EtNH2 NH3 
0 0.0 5.97 0.00 20.6 
25 47.7 3.12 0.55 17.1 
53 49.2 3.03 0.47 16.1 
77 53.0 2.80 0.62 15.7 
103 55.0 2.68 0.64 15.3 
147 54.7 2.70 0.98 15.2 
179 62.3 2.25 1.12 14.4 
197 69.0 1.83 0.72 13.6 
216 72.4 1.65 0.84 13.6 
231 74.8 1.50 0.81 13.2 
Table 45: Second amination over 10% Ni/Cabosil at 140°C (See 
Table 44 for first amination) 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtCH EtNH2 NH3 
0 0.0 6.24 0.00 25.2 
41 29.6 4.39 0.31 20.1 
58 31.5 4.27 0.34 19.6 
90 33.4 4.15 0.42 19.1 
111 35.1 4.04 0.48 18.0 
145 45.3 3.41 0.43 17.9 
162 41.8 3.63 0.54 17.4 
190 44.5 3.46 0.59 16.9 
223 44.9 3.44 0.60 16.3 
255 48.9 3.19 0.77 15.7 
----··· . ···--- --· 
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Table 46: Amination of ethanol (1:4) over 10% Ni/Cabosil at 160°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNHz NH3 
0 0.0 6.35 0.00 21.5 
26 43.0 3.62 0.56 17.5 
66 56.8 2.74 1.07 16.7 
94 67.2 2.08 1.37 15.7 
112 67.0 2.09 1.43 15.3 
Table 47: Amination of ethanol (1:4) over 10% Ni/Cabosil at 180°C 
Units are moles x 104• c = Conversion of ethanol. 
T (min.) % c 
0 0.0 
24 50.3 
50 68.4 
90 79.6 
EtOH 
5.80 
2.88 
1.85 
1.18 
0.00 21.4 
1.08 17.6 
1.55 15.7 
2.22 10.8 
Table 48: Repeat first amination over 10% Ni/Cabosil at 180°C 
(See Table 47 for comparison) 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c 
0 0.0 
25 52.3 
so 73.6 
91 80.7 
EtOH 
6.01 
2.92 
1.59 
1.16 
0.00 22.5 
1.22 18.9 
1.69 17.5 
1.99 17.1 
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Table 49: Amination of D6-ethanol (1:4) over 10% Ni/Cabosil at 
140°C 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtCH EtNH2 NH3 
0 0.0 5.94 0.00 24.5 
37 11.3 5.27 0.00 20.0 
62 19.7 4.77 0.00 19.8 
160 41.4 3.48 0.51 15.7 
192 49.6 2.99 0.68 15.7 
268 53.2 2.78 0.68 15.4 
294 58.1 2.49 0.79 15.3 
334 63.8 2.15 0.81 14.8 
365 70.5 1.75 0.70 14.7 
Table 50: Amination of ethanol (1:4) over 1% Ni/CS2040 NAO at 
180°C 
Units are moles x 104 • C = Conversion of ethanol. 
T (mfn.) % c EtCH EtNH2 NH3 
0 0.0 5.70 0.00 24.5 
26 60.7 2.25 1.22 21.1 
67 79.9 1.15 2.23 19.6 
98 88.5 0.83 2.27 19.5 
127 94.5 0.31 1.91 17.8 
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Table 51: Amination of ethanol (1:4) over 1% Ni/CS2040 AQ at 
180°C 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 5.62 0.00 27.3 
23 35.8 3.61 0.67 22.7 
56 58.5 2.33 1.02 22.0 
88 66.2 1.84 1.26 21.3 
128 67.8 1.81 1.84 20.5 
Table 52: Amination of ethanol (1:4) over 400 mg 10% Ni/ICI at 
140°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 7.73 0.00 26.3 
28 88.3 0.83 0.73 19.8 
46 89.4 0.76 1.26 18.9 
93 93.8 0.44 1.48 18.2 
120 96.0 0.28 1.42 17.0 
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Table 53: Amination of ethanol (1:4) over 400 mg 10% Ni/Cabosil 
at 140°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtCH EtNHz NH3 
0 0.0 6.74 0.00 26.6 
26 54.9 3.04 0.66 21.5 
65 68.8 2.10 1.11 20.5 
91 68.0 2.16 1.50 20 . 4 
120 77.4 1.52 1.38 18.7 
Table 54: Amination of ethanol (1:7) over 10% Ni/ICI at 110°C 
Units are moles x 104 • c = Conversion of ethanol. 
T (min.) % c EtCH EtNH2 NH3 
0 0.0 3.56 0.00 25.3 
31 55.9 1.57 0.00 20.4 
60 74.4 0.91 0.34 19.6 
90 79.2 0.74 0.46 19.0 
117 78.9 0.75 0.63 18.3 
147 79.5 0.73 0.59 17.4 
185 83.9 0.57 0.55 16.9 
211 89.6 0.37 0.52 16.4 
247 87.3 0.45 0.48 16.0 
293 90.7 0.33 0.51 15.3 
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Table 55: Amination of ethanol (1:7) over 10% Ni/Cabosil at 110°C 
Units are moles x 104 • c = conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 3.17 0.00 25.5 
24 30.3 2.21 0.00 21.6 
67 32.2 2.15 0.02 21.3 
91 38.5 1.95 0.03 20.8 
114 35.0 2.06 0.03 20.3 
192 41.0 1.87 0.02 19.5 
222 34.7 2.07 0.03 18.9 
Table 56: Amination of ethanol (1:6) over 10% Ni/ICI at 110°C 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 8.51 0.00 49.4 
30 56.5 3.70 0.42 39.7 
60 68.4 2.69 0.58 38.0 
90 70.1 2.54 0.89 37.0 
116 79.8 1.72 0.77 35.1 
151 81.5 1.57 0.95 34.8 
176 78.9 1. 79 1.25 34.0 
203 80.6 1.65 1.10 32.7 
232 86.7 1.13 1.00 32.3 
287 89.4 0.90 1.11 31.3 
315 89.9 0.86 1.13 30.7 
346 90.1 0.79 1.07 31.0 
375 91.7 0.71 1.08 29.4 
401 93.0 0.59 1.15 29.0 
428 92.6 0.63 1.22 28.0 
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Table 57: Amination of ethanol (1:4) over 10% Ni/ICI at 140°C. 
with low partial pressure of hydrogen 
Units are moles x 104 • C = conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 6.38 0.00 25.6 
25 59.0 2.61 0.73 20.3 
52 65.1 2.22 1.18 20.0 
93 73.4 1.70 1.60 19.0 
123 74.4 1.63 1.56 18.4 
161 81.5 1.18 1. 70 17.7 
199 80.4 1.25 1.64 17.6 
252 83.4 1.06 1.83 16.8 
Table 58: Amination of ethanol ( 1:4) over 10% Ni/Cabosil at 
140°C, with low partial pressure of hydrogen 
Units are moles x 104 • C = Conversion of ethanol. 
T (min.) % c EtOH EtNH2 NH3 
0 0.0 6.70 0.00 26.0 
39 46.0 3.63 0.48 23.9 
69 50.7 3.32 0.70 23.2 
97 48.0 3.49 0.97 22.8 
135 54.6 3.05 0.98 21.4 
167 54.9 3.04 1.09 21.1 
228 58.3 2.80 1.14 20.4 
270 61.8 2.57 1.30 20.0 
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4.3.7 summary of amination data 
For comparison purposes observed rates of reaction at fixed 
conversion have been calculated. These rates are based on the 
observed concentration of gas phase ethylamine. See Table 59. 
Key: 
1 1st amination over catalyst. 
2 2nd amination over catalyst. 
D Amination of 06-Ethanol. 
A Repeat experiments. 
X Low partial pressure hydrogen. 
Y 0.200 g catalyst. 
z 0.400 g catalyst. 
W Initial concentrations doubled. 
-------------------------------------------------------------- ----------
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Table 59: Summary of Amination data 
catalyst % Conv. Ratio Rate 
(M -1 • -1 106) .g .ml.n. x 
10% ICI 110 66.9 4:1 2.88 
10% ICI 1A 140 64.1 4:1 8.46 
10% ICI 2 140 66.5 4:1 4.41 
10% ICI 160 64.8 4:1 18.39 
10% ICI 180 85.2 4:1 22.93 
10% ICI A 140 59.4 4:1 11.33 
10% ICI D 140 65.5 4:1 1.69 
10% Cab 110 54.6 4:1 1.14 
10% Cab 1 140 62.3 4:1 3.12 
10% Cab 2 140 48.9 4:1 1.50 
10% Cab 160 67.2 4:1 7.25 
10% Cab A 180 68.4 4:1 15.41 
10% Cab A 180 73.6 4:1 15.10 
10% Cab D 140 63.8 4:1 1.20 
1% NAQ 180 60.7 4:1 23.46 
1% AQ 180 58.5 4:1 9.10 
10% ICI X 140 65.1 4:1 11.73 
10% Cab X 140 61.8 4:1 2.40 
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Table 59 (continued>: Summary of Amination data 
Catalyst 
10% ICI Y 
10% ICI Z 
10% Cab Y 
10% Cab z 
10% ICI 
10% ICI 
10% Cab 
10% Cab 
10% Cab 
10% Cab 
10% ICI 
10% ICI W 
140 
140 
140 
140 
110 
110 
110 
110 
110 
110 
110 
110 
% Conv. 
88.5 
88.3 
69.0 
68.8 
76.0 
74.0 
39.0 
41.0 
34.0 
32.0 
90.0 
90.0 
Ratio 
4:1 
4:1 
4:1 
4:1 
4:1 
7:1 
4:1 
7:1 
4:1 
7:1 
7:1 
6:1 
Rate 
(M.g- 1 .min. -1 x 106 ) 
2.78 
6.55 
1.83 
4.25 
1.71 
2.82 
2.91 
0.62 
4.16 
1.80 
0.87 
1.80 
116 
4.3.8 Product distribution over 10% Ni/ICI at 110°C 
The rate at which the secondary and tertiary amines are 
produced over the catalysts is of considerable significance to 
the overall reaction mechanism and so a series of experiments 
were conducted to fully analyse the amination mixture over 10% 
Ni/ICI. As previously discussed, the complete analysis of the 
reaction mixture was not possible by GC and so 1H NMR 
spectroscopy was used. This required that standard amination 
reactions were performed and stopped at different times by 
trapping out the reaction mixture. The molar ratio of the 
products in the trapped reaction mixtures could be determined 
very accurately from the NMR analysis and these ratios can be 
converted into moles by the use of an internal standard. In this 
case the internal standard was ethanol, the concentration of 
which in the trapped products was accurately determined 
immediately prior to trapping by GC. Figure 22 and Table 60 
illustrate the product distribution obtained over 200 mg 10% 
Ni/ICI at 110°C. 
Figure 22: 
Product distribution over 10% 
Ni/ICI at 11 0 C. 
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Table 60: Product distribution over 10% Ni/ICI at 110°C 
Units = mmol 
Time (mins) EtCH EtNH2 (Et)2NH (Et)3N 
0 0.630 0.000 0.000 0.000 
15 0.351 0.010 0.003 0 .• 000 
53 0.273 0.031 0.009 0.000 
112 0.215 0.056 0.027 0.002 
172 0.162 0.052 0.021 0.002 
210 0.166 0.091 0.037 0.004 
333 0.112 0.062 0.040 0.008 
381 0.102 0.097 0.054 0.009 
473 0.081 0.057 0.048 0.009 
610 0.058 0.051 0.047 0.010 
4.3.9 Calculation of activation energy 
The data obtained allowed activation energies to be 
calculated in the standard manner25 • 
Table 61: Activation energies for ethanol amination 
Catalyst 
10% ICI 
10% ICI 
10% Cab 
10% Cab 
% Conversion 
EtOH 
65 
82 
63 
54 
Eact EtNH2 formation 
KJjmol 
50.8 ± 5.6% 
55.6 ± 12.5% 
53.9 ± 6.8% 
59.9 ± 9.5% 
Eact EtOH loss 
KJjmol 
37.4 ± 13.1% 
46.8 ± 18.9% 
40.4 ± 12.9% 
46.4 ± 10.5% 
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4.3.10 Summary of tracer results 
Various labelled species were used in the amination studies 
reported in the preceding sections. The use of these tracers has 
provided much useful information regarding the reaction processes 
occurring on the catalyst surface. However, these tracer studies 
are being considered separately as the results are essentially 
common to all of the catalysts and to have included them in the 
tables of results would have complicated them unnecessarily. In 
view of this, note that the results summarised in this section 
apply to all of the catalysts studied. 
4.3.10.1 Amination of [1-3HJ-ethanol 
Generally around 20-30 mCi of labelled ethanol was used, 
however the tritium present in the -OH group of the alcohol was 
rapidly distributed between the ammonia and hydrogen whilst the 
reaction mixture was recirculated prior to the start of the 
experiment. 
During the amination experiments tritium was only detected 
in the ethanol and not the amine product through the use of 
radio-gas chromatography. 3H NMR analysis of the trapped reaction 
mixture showed detectable tritium label to be present only in the 
the residual alcohol. 
4.3.10.2 Amination of D6-ethanol 
Analysis of the trapped reaction mixture by 1H and 2H NMR 
revealed that there was detectable hydrogen isotope exchange in 
both positions of the alcohol, but there was very extensive 
exchange in both positions of all the amine products 
--- --- Ｍ ＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
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(quantification in this case is impractical because of the 
complexity of the mixture and resulting spectra, however no 2H 
signals were observed from the amine methylene groups, but amine 
methyl signals were observed). In addition a kinetic isotope 
effect on the rate of reaction was observed. 
4.3.10.3 Amination in the presence 3H2 
Around 100 mCi of tritium gas was used in these experiments, 
and with this high level of radioactivity it was possible to 
observe radio- peaks for the products and reactants by GC. 
However, the NMR analysis of the trapped reaction mixture was far 
more useful. 
No tritium incorporation into the residual ethanol was ever 
observed by NMR (other than in the -OH group), but the amines 
were generally labelled. A series of standard aminations was 
performed (see section 4. 3. 7 and Table 4 7) using 0. 63 nunol 
ethanol, 2.45 nunol ammonia and 8.72 mmol hydrogen along with 100 
mci tritium. The reactions were all stopped at various times and 
the trapped products analysed by 1H and 3H NMR spectroscopy. In 
this way it was possible to follow the incorporation of tritium 
into the amine with time (Table 62). 
Table 62: Incorporation of tritium into amine products 
Time (mins.) o 
Methyl 
Methylene 
53 
N 
y 
112 
N 
y 
172 
N 
y 
210 
N 
y 
333 
y 
y 
381 
y 
y 
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Table 62 shows that the tritium label is first incorporated 
into the methylene groups, and is not observed in the methyl 
groups until higher conversions are reached. Figure 23 shows 
typical 1H and 3H NMR spectra of a trapped reaction mixture. 
4.3.10.4 Amination of 1-13c-ethanol 
Analysis of the trapped reaction mixtures by 13c NMR 
spectroscopy shows that, in all cases, the carbon label is only 
present in the methylene groups of products and reactants; no 
scrambling of the carbons occurs. Figure 24 illustrates this 
observation. The top spectrum is a natural abundance DEPT 
(distortionless enhancement by polarization transfer) 135 13c 
spectrum of a typical trapped amination mixture. The DEPT 135 
pulse sequence produces a spectrum where the methylene signals 
are 180° out of phase relative to the methyl signals. Thus it can 
be seen that the methyl signals are around 20 ppm and the 
methylene signals around 50 ppm (TMS reference). 
The bottom figure shows the DEPT 45 (with this sequence all 
signals have the same phase) 13c spectrum of a trapped reaction 
mixture following amination of 100% 1-13c-ethanol. Clearly the 
label is only present in the methylene groups. 
In another experiment ethanol (0.63 mmol), ammonia (2.45 
mmol) and hydrogen (8. 72 mmol) at 22 PSI total pressure was 
passed over 10% Ni/ICI at 110°C for 20 minutes. After 20 minutes 
ＱＰｾＱ＠ of 23% 1-13c-ethanol was added. After a further 20 minutes 
the reaction mixture was trapped and analysed by 13c and 1H NMR 
spectroscopy. 
The 13c NMR spectrum revealed the presence of carbon label 
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Figure 23: (CDC13 • TMS Ref.) 
Top:- 320 MHz. 3H NMR spectrum of an amination reaction mixture 
Bottom:- 300 MHz. 1H NMR spectrum of an amination reaction 
mixture 
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Figure 24: 
Top:- 75 MHz. 13c DEPT 135 NMR spectrum of an amination reaction 
mixture (Nat. Abun .. CDC13 • TMS Ref.) 
Bottom:- 75 MHz. 13c DEPT 45 NMR spectrum of mixture following 
J 1 J 
amination of 1-13C-EtOH (CDC13 • TMS Ref.) 
I 
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in the methylene group of the ethanol as expected, but also in 
the methylene groups of ethyl- and diethylamine. 
A TPD, as described in 4.3.1.2, was then carried out on the 
catalyst, desorbed species again being collected in a liquid 
nitrogen cooled trap. The 1H NMR methylene signal of the ethanol 
desorbed again showed 13c coupled satellites, indicating rapid 
exchange between the gas and adsorbed phases. 
4.3.10.5 Reaction mixture spiked with 1-13c-ethylamine 
Ethanol (0.63 mmol), ammonia (2.45 mrnol) and hydrogen (8.72 
mmol) and 1-13c-ethylamine (2J.Ll) at 22 PSI total pressure was 
passed over 10% Ni/ICI at 110°C for 20 minutes. This mixture was 
circulated over the catalyst for 2 hours before the mixture was 
trapped and analysed by 13c NMR spectroscopy. 
The 13c NMR spectrum revealed the presence of carbon label 
in the methylene groups of the amines, but no label was observed 
in the methylene group of the ethanol. 
4. 3.10. 6 Diethylamine and 15NH3 equilibration 
Equimolar amounts of diethylamine and 15NH3 ( o. 3 mmol) were 
passed over 200 mg 10% Ni/ICI at 140°C for 2 hours. After this 
period the mixture was trapped and analysed by 1H and 15N NMR 
spectroscopy. This analysis revealed that no nitrogen exchange 
or amine equilibration had occurred. 
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4.4 Discussion 
4.4.1 Mechanism of ethanol amination reaction 
There is no universally agreed mechanism for amination 
reactions. Inspection of the literature reveals that numerous 
feasible mechanisms have been proposed, but many of these are 
unique to the particular system under study (i.e. the nature of 
the catalysts andjor substrate may influence the mechanism). An 
example of this is the mechanism proposed by Sabatier26 , who 
discovered the amination reaction. Sabatier aminated alcohols 
over a thorium oxide catalyst and proposed that the alcohol 
reacted with the catalyst to form an unstable alkyl thorate which 
reacted rapidly with ammonia to yield primary amine. Secondary 
and tertiary amines are formed by the interaction of the amine 
product with the alkyl thorate. Clearly this mechanism could only 
apply to the particular catalyst type used by Sabatier. 
In addition to these "specific" mechanisms three more 
general mechanisms have been proposed. Popov26 assumed that the 
first stage of the reaction is a process involving the 
dehydration of the alcohol to an alkene; the alkene can then 
react with ammonia, primary or secondary amines respectively to 
yield an amine product. The amination of 1-13c-ethanol (see 
4.3.9.4) demonstrated that the methylene groups of the ethanol 
and amine products retain their integrity throughout the 
reaction. A mechanism involving a formal ethene intermediate 
would be expected to result in some carbon scrambling, thus this 
mechanism can be discounted. In addition, hydrocarbon formation 
was not observed over the catalysts during amination. This would 
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be expected in a system containing an excess of hydrogen and a 
good hydrogenation catalyst if the intermediate was ethene or an 
ethyl species. 
( 1 ) t X - X 
( 2 ) ... 2 H ·X 
( 3 ) ... 
( 4 ) t 2 X ... + 2 H -X 
( 5 ) + ... + H 0 • X 2 
( 6 ) + 2 H- X 
( 7 ) ... 
... ( 8 ) 
X CATALYST ACTIVE SITE. 
Scheme 2: Schwegler-Adkins alcohol amination mechanism. 
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Another body of workers26 believe that amines are formed by 
the direct substitution of the hydroxy group by the amino group 
(of ammonia or primary and secondary amines) .The most widely 
accepted mechanism is that proposed by Schwegler and Adkins27 
(see Scheme 2) who suggest that, following adsorption (steps 1-
3), alcohols are first dehydrogenated to aldehydes or ketones 
(step 4), which react with ammonia to form imines (step 5) which 
in turn are reduced by hydrogen to the amine (step 6). Secondary 
and tertiary amines are formed by substituting ammonia for a 
primary or secondary amine in step 5. They propose that alcohol 
dehydrogenation (step 4) is slow and therefore rate determining 
and effectively irreversible. It is unlikely that step 4 is a 
single step, and it is not known whether the alcohol and aldehyde 
are bound to the surface via carbon or oxygen. All other steps 
are fast or correspond to equilibrium. 
The by-products observed in these reactions, which include 
alkenes, hydrocarbons, carbonyl compounds, ethers and nitriles, 
are all thought to arise from various interfering 
hydrogenation/dehydrogenation processes. 
There is much experimental data that confirms or at least 
does not contradict the mechanism proposed by Schwegler and 
Adkins. Fridman et al28 , Balker and other workers29-30 have studied 
the amination of deuteroalcohols. When 1, 1-dideuteroalcohols are 
aminated a kinetic isotope effect is observed and the label is 
distributed as illustrated in Table 63 below. 
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Table 63: Isotope composition of amination products 
Alcohol 
RCD20H 
RCDHOH 
RCH20H 
Content (%) 
83 
7 
11 
Amines 
RCD2NH2 
RCDHNH2 
RCH2NH2 
Content (%) 
0 
69 
31 
Fridman et al28 observed a kinetic isotope effect when 
CH3CD20H was aminated but no isotope effect was observed when 
CD3CH20H was aminated; they also found similar deuterium 
distributions to those in Table 63. These results support the 
proposal that dehydrogenation of the alcohol takes place during 
amination and indicate that it may also be rate determining. The 
absence of dideutero- product indicates a mechanism involving 
hydrogen abstraction at the 1- position, and the high proportion 
of dideuteroalcohol in the products indicates that the hydrogen 
abstraction is irreversible. 
The mechanics of ethanol amination over the nickel/silica 
catalysts appears, at first sight, to follow the Schwegler-Adkins 
scheme, but close inspection of their mechanism and of the 
results highlights anomalies. 
The catalysts studied are known to be good hydrogenation 
catalysts and so by definition must also be good dehydrogenation 
catalysts, thus they should be capable of dehydrogenating ethanol 
under the right conditions. This dehydrogenation behaviour was 
apparent in the ethanol blank experiments (see 4.3.1.2), where 
in a helium atmosphere ethanol was converted to ethanal. However, 
128 
the role of residual oxygen following incomplete reduction can 
not be ignored. More representative of amination reactions is the 
ethanol blanks run in a hydrogen atmosphere. In this case no 
ethanal formation was observed, but hydrocarbon formation was 
observed. This indicates a surface intermediate containing no 
oxygen is present, that by the addition of hydrogen, can be 
converted to hydrocarbon. This intermediate is believed to arise 
by the dehydration of the ethanol. Fridman et al28 observed 
oxygen exchange when ethanol, hydrogen and H2
18o are passed over 
ironjvanadia catalysts, implying that the ethanol can be 
reversibly dehydrated. The experiment in which o6-ethanol was 
passed over the catalysts in a hydrogen atmosphere demonstrated 
that the reversible abstraction of methylene hydrogens does occur 
over the catalysts, presumably via dehydration/hydration 
processes. However, the deuterium label at the methylene group 
was not by any means completely exchanged out. It was shown that 
gas phase and adsorbed ethanol · are in rapid exchange, and so the 
abstraction of methylene hydrogens must be a relatively slow 
process in which the equilibrium lies well to the left. 
Consider now the amination reactions. The results of the 
tritium and deuterium tracer experiments all indicate that the 
methylene group is important in terms of the reaction mechanism. 
When 06-ethanol is aminated an isotope effect is observed, 
NMR analysis of the products shows that extensive general isotope 
exchange occurs in the amines, but much less specific exchange 
occurs at the methylene group of the residual alcohol. Similarly 
amination of [ 1-3H] -ethanol yields unlabelled products, but label 
is still detectable in the residual alcohol. Finally, amination 
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in the presence of 3H2 yields generally labelled amines, but no 
label is detectable in the alcohol. 
The results presented above and those of other workers26-30 
indicate that, under amination conditions, methylene hydrogens 
from the alcohol are irreversibly abstracted during the reaction 
and that this process is rate determining. The Schwegler-Adkins 
mechanism assumes that the rate determining step for ethanol 
amination is the irreversible dehydrogenation of the ethanol to 
ethanal. In a system containing a good hydrogenation catalyst in 
the presence of a 14 molar excess of hydrogen the formation of 
ethanal by dehydrogenation of ethanol can not be considered 
irreversible (as stated previously at 140°C the equilibrium 
constant for such a process is 5 x 10-3). With this in mind, it 
is difficult to account for i) the absence of tritium labelled 
ethanol when the amination is conducted in the presence of 3H2 
and ii) the presence of residual deuterium and tritium label in 
the methylene groups of the residual ethanol when D6-ethanol and 
(1-3H]-ethanol respectively are a aminated. 
Thus on the basis of the above evidence, it is believed that 
ethanal is not an intermediate. However, the results do confirm 
that the rate determining step involves the abstraction of 
methylene hydrogens and that the carbon groups retain their 
integrity during the reaction (i.e. the methyl group remains a 
methyl group). 
The ethanol blank experiments conducted in a hydrogen 
atmosphere led to the formation of hydrocarbon, indicating the 
presence of a species present on the catalyst surface containing 
no oxygen. This implies that the catalysts are capable of 
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dehydrating the ethanol to an "activated" hydrocarbon species. 
This species, which could be the amination intermediate, must 
retain its methyl group but lose at least one of its methylene 
hydrogens. 
At this point it is worth summarising the mechanistic 
information: 
(i) Gas phase and adsorbed ethanol are in rapid exchange. 
(ii) Ethanol is converted to an intermediate irreversibly, 
a step that involves the loss of methylene hydrogens. 
This step is rate determining. There is evidence that 
this is a dehydration step. 
(iii) During the dehydration step and any subsequent steps the 
carbon groups retain their integrity. 
(iv) The tracer studies involving various 2H and 3H species 
indicate that the rate determining step is irreversible. 
The spiking of the reaction mixture with 
1-13c-ethylamine led to labelled products only. The 
absence of label in the ethanol is further evidence that 
the rate determining step is irreversible. 
(v) The amines formed in the presence of 3H2 are generally 
labelled. The Scwegler-Adkins mechanism can only account 
for labelling in the methylene group. However, Table 63 
shows that tritium label is incorporated into the methyl 
groups only at high conversions. This indicates methyl 
incorporation occurs via a different mechanism to 
methylene incorporation. 
When the amines alone are passed over the catalysts at 
reaction temperature in the presence of 3H2 they are generally 
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labelled. Fridman et al28 observed general labelling when 
ethylamine and deuterium were passed over a fused ironjvanadia 
catalyst, and observed general exchange in the amines upon 
amination of deuterated ethanol species over the same catalysts. 
Thus it is likely that the amines are involved in 
dehydrogenation/hydrogenation equilibria during subsequent visits 
to the catalyst surface following their initial desorption. 
The absence of 15N exchange and equilibration when 
15NH3/diethylamine are passed over the catalysts demonstrates 
there is no C-N bond cleavage on the catalysts. 
The questions that now require answering are (i) What is the 
nature of the intermediate and (ii) How does this intermediate 
fit into the mechanistic information obtained in the tracer 
studies, summarised above ? 
The intermediate (see Scheme 3) is thought to be CH3-CH, 
formed by the dehydration of ethanol (step 4). This intermediate 
·then reacts with an ammonia species and hydrogen as necessary 
(step 5) to yield amine. Similarly, the. interaction of the 
intermediate with amines leads to the formation of secondary and 
tertiary products. The exact nature of the ammonia intermediate 
is unknown and could possibly be a dehydrogenated species. The 
step leading to intermediate formation is effectively 
irreversible because the water is present in such minute 
quantities compared to the ammonia that the rehydration of the 
intermediate under amination conditions is unlikely. The three 
membered rings at the silica surfaces may also play a role in the 
removal of water from the active metal centres, so further 
retarding the rehydration process. Indeed Balker29 and other 
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workers26 have reported that the addition of water retards 
amination reactions, clearly this is expected if the rate 
determining step involves dehydration of the alcohol. 
( 5) 
r 11 
r 2 l 
13 I 
[ 4 ) 
-......-
-
---
-
---
CH CH OH·X +X'__.. 3 2 
2 H • X 
----
---
CH 3 CH•X + NHI 1 -x + Y H-I l -Y 
I 6 I 
r 1 1 
.X AND X' • CATALYST ACTIVE Slr!S. 
Scheme 3: Proposed ethanol amination mechanism. 
-----------------'---------------------------- -
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It is unlikely that the dehydration of ethanol (step 4) is 
a single stage process, . It is thought (Scheme 4) that the 
ethanol is bound to the surface, following the loss of the 
hydroxy hydrogen, via the oxygen (step 1). This "ethoxy" species 
then loses -OH to form the intermediate (step 2), the hydroxy 
group is then converted to water (step 3) • 
.... [ 1 ) + .... H 
I 
* * 
( 2 } + 0 H 
I 
* t 
... [ 3 l 0 H + H 
I I 
t 
Scheme 4: Possible ethanol dehydration steps. 
The incorporation of tritium into the methyl groups of the 
amines is a separate process involving 
hydrogenation/dehydrogenation equilibria during the amines 
subsequent visits to the surface. 
The mechanism outlined above and illustrated in Schemes 
3 and 4 account for the lack of hydrogen isotope exchange 
observed in the residual ethanol, the observed isotope effect on 
the rate of ethylamine formation, the general hydrogen isotope 
exchange in the amine products and the absence of carbon 
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scrambling. 
It is interesting to note the rapid rate at which the 
secondary and tertiary amines are produced (Table 60). Their rate 
of formation is not in keeping with a consecutive A-+B-+C-+D 
mechanism. In all the amination reactions it is noted that the 
first thing that happens is the adsorption of a significant 
amount of ethanol. This leads to a relatively high surface 
concentration of the intermediate. This high surface intermediate 
concentration means that the ethylamine formed is very likely to 
interact with further intermediate molecules instead of ammonia, 
leading to significant rates of secondary and tertiary amine 
formation from the beginning of the reaction. Pasek31 , who 
studied the thermodynamics of ethanol amination, reported that 
high initial ammonia concentrations favour primary amine 
formation. This correlates with the above proposal, since high 
ammonia concentrations would increase the chance of an 
intermediate meeting ammonia instead of an amine product. 
4.4.2 Comparison of catalyst performance 
Comparison of the summary data for ethanol amination over 
10% Ni ICI and Cabosil and 1% Ni CS2040 NAQ and CS2040 AQ, 
presented in Table 59, clearly shows that the ICI and CS2040 
NAQ supported catalysts are the most active. For example, at 
140°C and 65% conversion the observed rate over 10% Ni/ICI = 
8.46 x 10-6 M.g- 1 .min. _, as compared to 3.12 x 10-6 M.g- 1 .min. _, over 
10% Ni/Cabosil. Such differences in activity are apparent 
wherever comparisons can be made. The repeat experiments 
demonstrate the reliability of the method as a means of catalyst 
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comparison. A further demonstration of this repeatability arose 
as a result of the experiments performed to determine the total 
product distribution over the 10% Ni/ICI catalyst ( 4. 3. 8 and 
Table 60). This study involved numerous aminations performed 
under identical conditions; these experiments can also be used 
to check the reliability of the rate ､｡ｾ｡Ｎ＠ Table 64 shows the 
calculated rates at fixed conversions obtained from these 
experiments. 
Table 64: Observed rates of ethylamine formation over 200 mg 10% 
Ni/ICI at 110°C 
% Conversion 
68 
67 
65 
Mean = 66.6 ± 1.5 
2.65 
2.88 
3.54 
3.0 ± 0.4 
Both of the catalysts were less active in a second 
amination, but interestingly the activity of both catalysts fell 
by approximately 50% (10% Ni/ICI observed drop in rate of amine 
formation= 48%; 10% Ni/Cabosil =52%). This suggests there is 
a common deactivation mechanism over the catalysts. 
As discussed in the previous section (4.4.1), there is an 
isotope effect on the rate of amine formation when D6-ethanol is 
aminated. The observed rate drops by a factor of 5 over 10% 
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Ni/ICI and by a factor of 2. 6 over the 10% NijCabosil, both drops 
being too large to be within experimental error. 
The use of a low initial hydrogen concentration (0.44 mmol 
as opposed to 8.7 mmol) has no effect on the rate of ethylamine 
formation over 10% Ni/ICI and possibly a small negative effect 
over 10% Ni/Cabosil. This tends to agree with the proposed 
reaction mechanism (Scheme 3) where there is no formal 
hydrogenation step. With the Schwegler-Adkins mechanism, where 
the rate determining first step is ethanol dehydrogenation, a low 
partial pressure of hydrogen might be expected to enhance the 
rate. This assumes that the hydrogen from the dehydrogenation 
step is available for reaction. 
Over both catalysts, when the reactor bed loading is 
doubled, the observed rate of ethylamine formation also doubles. 
This indicates that diffusion is not rate limiting over either 
of the catalysts. 
Temperature has a predictable effect on the rate of 
ethylamine formation over both catalysts, with Arrhenius 
behaviour observed. From this data activation energies were 
calculated (Table 61) at different conversions. The activation 
energies were found to be the same, within experimental error, 
over both catalysts at various conversions. This is further 
evidence that diffusion is not a rate limiting process. 
The effect of an increased initial concentration of ammonia 
on the rate of ethylamine formation is interesting. Over the ICI 
supported catalyst it enhances the rate, but over the Cabosil 
supported catalyst it retards the rate. Thus the ammonia is 
acting as a poison to the Cabosil supported catalyst. This is 
...... Ｍ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
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presumably due to competitive adsorption and blocking of active 
sites. Doubling the initial concentration of both alcohol and 
ammonia over the ICI catalyst doubles the observed rate of 
ethylamine formation. 
It is thought that the high concentration of surface three 
membered rings on the ICI silica is responsible for the enhanced 
activity towards amination of the ICI supported catalysts. 
Morrow and Cody32 have shown that strained siloxane 
linkages, present in the three membered rings, are Lewis acids 
and will thus strongly interact with Lewis bases such as water, 
ammonia and alcohols. They investigated such interactions by 
infra-red spectroscopy and deduced that the interactions involved 
dissociative chemisorption. The proposed interactions between 
ammonia and water and the strained siloxane bridges are 
illustrated in Scheme 5. 
These interactions could clearly have some bearing on the 
reactivity of the catalysts. The TPR experiments showed that, 
where there was a high surface concentration of strained rings 
present, a significant amount of the nickel became associated 
with them. The reduction of the species formed led to the 
reformation of the strained rings and produced small Ni particles 
in the immediate vicinity of them. During the amination reactions 
these rings could interact with the ammonia as in Scheme 5, 
producing potentially active species very close to the metal 
centre. In addition the rings could also interact with the 
hydroxy species and water formed in the rate determining step and 
essentially facilitate its removal. In the early stages this 
could be by the chemical interaction as in (1) in Scheme 5, but 
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H H 
I I 
ＯＰｾ＠ 0 0 + H 2 0 I I ( 1) Si Si Si Si 
II\ II\ I\\ I\\ 
NH 2 H I I 
ＯＰｾ＠ 0 0 .... I I + N'Hl 
( 2 I Si Si Si Si 
II\ II\ II\ II\ 
Scheme 5: Interactions between siloxanes and Lewis bases. 
later the silanol group may be aiding the removal of water by, 
for example, hydrogen bonding. All of these interactions could 
be expected to enhance the reactivity of the catalysts. 
It must be remembered that the Cabosil silica also has 
strained siloxanes at its surface, although significantly less 
than the ICI silica. The relaxation and loss of these sites 
during the reaction may contribute to the observed deactivation 
of the catalysts. Thus it can be seen why there could be a common 
deactivation mechanism over the catalysts. High concentrations 
of ammonia may swamp the sites on the Cabosil catalyst and reduce 
their ability to remove the water formed in step 4, Scheme 3, and 
so high initial ammonia concentrations poison the Cabosil 
catalyst. 
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There is a possibility that the active ammonia species that 
reacts with the intermediate is -NH2 from the silica. Thus there 
would need to be a hydrogenation step. The loss of -NH2 from the 
silica would result in the formation of an unsaturated site, 
which could dissociatively bind another ammonia thus: 
Si-NH + H· 2 
The hydrogen produced in this manner should be capable of 
undergoing reaction and this could be the source for the 
hydrogenation step. 
4.5 Conclusions 
The catalysts supported by the silicas shown to have a high 
surface concentration of three membered rings are more active in 
catalysing the amination of ethanol. It is believed that this 
enhanced activity arises from favourable interactions between the 
reactants and products and the Lewis acid sites of the strained 
rings. 
There is evidence that the amination reaction proceeds via 
an intermediate formed by the dehydration of the alcohol, a 
process which can clearly be influenced by the silica. 
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1. General Discussion 
ＱｾＱ＠ Support structure and catalytic properties 
Interactions between so called "inert" supports and metals 
are well documented but not very well characterised. In cases 
where such interactions can be positively identified and their 
effects catalogued they are described as "strong metal support 
interactions" (SMSI). This description is usually applied to 
interactions which have a direct effect on the properties of the 
catalyst in terms of reactivity and thus exclude the interactions 
which are involved in the physical binding of the metal to the 
support. 
Much effort has been devoted to the study of the SMSI state, 
and some useful but qualitative correlations identified. Ethene 
has been found to be a useful probe for SMSI, where as a result 
of many studies on numerous catalysts it was found that the SMSI 
state was characterised by low ethene hydrogenation activity and 
very low hydrogenolysis activity as compared to catalysts without 
any SMSI's1 • Suppression of carbon monoxide chemisorption and 
hydrogenation by SMSI's has also been used by numerous workers1 
as a test for the SMSI state. The chemisorption of hydrogen is 
also suppressed by the SMSI state and this is regarded as the 
cause of the suppression of hydrogenation reactions over 
catalysts where the SMSI state is present. 
In general SMSI results in low catalytic activity and is 
thought to arise as a result of alloy formation between support 
and metal. This is a particular problem with reducible supports 
such as titanium dioxide and with systems such as nickeljsilica 
146 
where the formation of nickel silicates is a problem. 
In the preceding Chapter it was shown that the nickel/silica 
catalysts studied split into two behaviourial groups: 
{1) ICI and CS2040 NAQ supported materials: high temperature 
reduction peak in TPR profiles, high ethene hydrogenation and 
hydrogenolysis activity, high ethanol amination activity, 
resistance to sintering and high surface three membered ring 
concentration. 
{2) Cabosil and CS2040 AQ: single low temperature reduction peak 
in TPR profiles, lower ethene hydrogenation and hydrogenolysis 
activity, lower ethanol amination activity, less resistance to 
sintering and low surface three membered ring concentration. 
These differences in behaviour were directly attributable to the 
chemical and physical properties of the three membered rings. 
There is convincing evidence for a SMSI between the metal and the 
three membered rings on the ICI and CS2040 NAQ silicas. This 
interaction relaxes the strained rings and results in the 
formation of a nickel species which is more difficult to reduce 
and more firmly bound to the silica. However, contrary to the 
expected behaviour, this metal-support interaction enhances the 
reactivity of the catalysts. The enhanced reactivity arises as 
a result of the Lewis acidity of the three membered rings. The 
support plays an active role in the catalysis by providing 
adsorption sites for species such as ethene, hydrogen, ammonia 
and alcohols in the close proximity to the active metal centres. 
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This study has thus identified a unique and previously 
unknown metal-support interaction which enhances the reactivity 
of the catalysts. It is reasonable to conclude that this enhanced 
reactivity would be found for reactions involving species which 
could interact with the three membered rings, this would include 
alkenes, alkynes and other Lewis bases. 
The properties of the silica surface, and hence strained 
three membered ring population at the surface, are determined 
principally by the thermal history of the silicas. The Cabosil 
silica, which is prepared by flame hydrolysis of silicon 
tetrachloride, sees temperatures in excess of 1800°C in its 
preparation and this results in an annealed surface with a low 
three membered ring concentration. Similarly the pore contraction 
that occurs on the CS2040 silica during the aqueous impregnation 
anneals the surface, reducing the three membered ring 
concentration. The ICI and CS2040 NAQ silicas receive no 
treatment that could reduce the surface three membered ring 
concentration, indeed the method of preparation of the ICI silica 
provides optimum conditions for their formation. 
Clearly the surface concentration of three membered rings 
present on a given silica can be determined and controlled during 
its preparation. These silicas can then be used to prepare 
catalysts with predictable and desirable activities. For example, 
careful choice of the silica support would allow catalysts to be 
designed such that hydrogenation activity was maximised whilst 
hydrogenolysis activity could be kept to a minimum. 
1.2 Further work 
This project has revealed that silica support structure 
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plays a vital role in determining the activity of silica 
supported catalysts. Specifically, in terms of silica supports, 
it has revealed that the surface concentration of strained three 
membered rings governs the properties of the catalyst, from 
impregnation to activity. The reasons for this lie in the 
instability and Lewis acidity of the strained rings. Numerous 
interactions were proposed between metal and reactants and the 
strained rings to explain the observed enhanced reactivity of the 
catalysts and this is clearly an area in which further work could 
be done. 
The use of tracers and solid state NMR techniques has great 
potential in investigating possible interactions. The proposed 
interactions between spillover hydrogen and ethene and the rings 
could be investigated using 1H, 3H, 29si and 13c solid state NMR 
techniques. Clearly the amination reaction mechanism could only 
be confirmed by positively identifying the surface intermediates; 
once again solid state NMR should enable an identification to be 
made. The use of tracers such as 13c and 3H in high isotopic 
abundance should enable the expected low surface concentration 
of intermediate to be detected. 
The study of the influence of the strained three membered 
ring could be extended in various ways. Catalysts could be 
prepared from the same silicas but with different metals, or new 
silicas could be investigated as supports for nickel. The silica 
surfaces can be extensively modified during their preparation and 
it would be of interest to investigate the effects of these 
modifications on the catalysis. For example, the ICI silica can 
be heat treated, a process which would reduce the surface three 
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membered ring concentration, and this should then be reflected 
in the catalysis. 
2. Conclusion 
This study has revealed significant variability can exist 
in the chemical and physical properties of silica supported 
catalysts. This variability was attributed to the variations in 
the surface concentration of strained three membered rings 
present on the silicas, which in turn is critically dependent on 
the method used to prepare the silica. High surface 
concentrations of strained three membered rings were found to 
influence the impregnation of the silica, resulting in the 
formation of small strongly bound nickel clusters in a unique 
environment. During the reaction studies the Lewis acidity of the 
rings binds adsorbates and enhances the reactivity of the 
catalysts. 
Clearly support structure plays a vital role in determining 
catalyst activity and therefore a knowledge of support structure-
activity relationships would be very advantageous to catalyst 
development. 
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Appendix A - Silica Support Data 
1. ICI silica support1 
This is a high purity "in house" silica prepared from sodium 
silicate. The sodium silicate solution (400 gjl Si02 ) was 
acidified with 4M sulphuric acid and oxalic acid (10 g/1) in 1M 
sulphuric acid. The oxalic acid treatment complexes impurities 
such as Fe, Al and Ti and keeps them from precipitating. The 
silica sol thus formed is allowed to gel for 10 mins. and then 
left overnight to shrink. The liquor exuded is drained from the 
gel and the gel is chopped before drying in a domestic microwave 
oven. Following this procedure residual water is reduced by 80% 
and the gel shrinks to 1/3 its original volume. 
The gel is then extracted with 1 x water, 3 x 1M sulphuric 
acid and finally 2 x water before being dried to constant weight, 
again in a microwave oven. 
Impurities (by ICP-AES): 
Fe < 1 ppm 
Ti < 1 ppm 
Al < 3 ppm 
Na < 10 ppm 
2. Cabosil silica support2 
Cabosil is produced by the flame hydrolysis of silicon 
tetrachloride in a hydrogen/oxygen flame at around 1800°C. This 
gives a colloidal product of high purity and zero porosity which 
is markedly different from silica gels. The particle size is very 
small (7-15 nm), however individual particles do not exist, as 
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they fuse to form aggregates which form chain like structures. 
Typical properties Cabosil M-5: 
Surface area (m2jg) 
Density (g/1) 
Ignition loss (%) 
Impurities (by ICP-MS) 3 
Al 
Ti 
Fe 
Na 
3. CS2040 silica support4 
200 
40 
< 1 
< 20 ppm 
< 20 ppm 
< 20 ppm 
20 ppm 
CS2040 silica catalyst support is a high purity, large pore 
volume, synthetic amorphous granular silica gel. This support is 
essentially designed to function as a highly efficient catalyst 
carrier in applications where controlled pore size and narrow 
pore size distributions are desirable. Air or other controlled 
atmosphere activations at temperatures as high as 900°C can be 
achieved without significant loss of surface area or pore volume 
e.g. less than 10% decrease in these properties occur after 
calcination for 16 hours at 870°C. CS2040 is available as 30, 45 
or 90 micron granular powders. 
Typical properties:-
Wt % silica, as Si02 
PPM alumina, as Al20 3 
PPM sodium, as Na2o 
PPM calcium and magnesium, as 
Wt % loss on drying at 105°C 
cao 
> 99.8% 
< 300 
< 300 
< 200 
< 6.0 
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Surface area, M2jg 
N2 pore volume, mL/g 
Average pore radius, A 
Colour 
Particle size distribution:-
Wt % on 325 mesh 
Wt % on 100 mesh 
4. CS1030E silica support5 
410 
2.1 
100 
White 
> 92 
< 0.2 
CS1030E silica catalyst support is a high purity, moderate 
pore, synthetic amorphous silica extrudate. This support is 
especially designed to function as a highly efficient catalyst 
carrier in applications where controlled pore size and narrow 
pore size distribution are desirable. Catalyst impregnation using 
aqueous slurry or incipient wetness techniques can be achieved 
without significant loss of surface area or pore volume for this 
support. CS1030E is available as 1/16" extrudates. 
Typical properties:-
Wt % silica, as Si02 
PPM alumina, as Al203 
PPM sodium, as Na2o 
PPM calcium and magnesium, as CaO 
> 99.7% 
< 300 
< 1000 
< 200 
Wt % loss on drying at 105°C < 3.0 
Surface area, M2/g 300 
N2 pore volume, mL/g 1. 0 
Average pore radius, A 65 
Crush strength, Lbf/10 mm particle > 20 
Colour White 
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Appendix B - Summary of support characterisation6 
1. Introduction 
The Department of Chemical Engineering, Cambridge University 
(DR. L. Gladden et al) has used NMR, neutron scattering and 
computer simulation techniques to study the structure of the 
various silica supports used to prepare the catalysts. The major 
problem in understanding the behaviour of silica supported 
catalysts is the inability to characterise amorphous silica 
structures. The aim of this work was to overcome this problem. 
It is commonly accepted that the structure of non-
crystalline solids can be described in terms of ring statistics -
this description should be thought of as analogous to the unit 
cell description of crystalline solids. In the following 
discussion the 50A pore gel is nominally identical to the 
standard ICI support (the two give identical 29si MAS NMR and CP 
MAS NMR spectra). The major findings of the work are presented 
below. 
2. Neutron diffraction studies 
·Neutron diffraction experiments were undertaken on 
instrument D4B at ILL, Grenoble and LAD at ISIS. It was found 
that the more active catalysts are supported on silicas with a 
high concentration of small, strained, three membered rings in 
their network. The percentage of three membered rings 
incorporated into each silica network ｩｾ＠ determined by building 
network models of varying ring statistics and then comparing 
their respective scattering functions with those obtained 
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experimentally from diffraction studies. The results are shown 
in Table 1. 
Table 1: Results of neutron diffraction studies 
Sample Pore 
dia., A 
Bulk silica 
50A gel 50 
200A gel 200 
Densified gel 
CS2040 NAQ 208 
CS2040 AQ 115 
Cabosil 
± 5 
BET surface 
area, rn2jg 
474 
118 
0.29 
415 
426 
194 
5 
Skeletal 
density, gjcc 
2.17 - 2.20 
2.32 
2.27 
2.21 
2.19 
2.16 
2.20 
0.05 
% 3 membered 
rings 
< 1 
5 
2 
< 1 
5 
2 
1 
If it is assumed that all the three membered rings exist at 
the surface then the ICI 50A silica has 40-50% of its surface 
made up of three membered rings, CS2040 NAQ 30-35%, CS2040 AQ < 
2 0% AND Cabosil 0-5%. Three membered rings are high energy 
structures relative to large ring species and catalytic activity 
appears to correlate with the surface energy of the supports. It 
should be also be noted that three membered rings are known to 
interconvert to vicinal silanol groups upon ･ｸｰｯｳｵｾ･＠ to water. 
NMR experiments have shown that the maximum number of three 
membered of three membered rings are formed when the silicas are 
dehydroxylated at around 650°C. 
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3. Magic angle spinning NMR 
29si MAS NMR studies of the pure silicas have been performed 
on a Bruker MSL200 NMR spectrometer, operating at 39.76 MHz for 
298 . ｾＬ＠ TMS was used as a spectral reference. Data was acquired 
using a ｾＯＴ＠ pulse of duration Ｓｾｳ＠ and a recycle delay of 60s. 
Deconvolution of the NMR lineshapes into component Gaussians was 
performed subject to the constraint that the lineshape should be 
fitted with the minimum number of component peaks; the peak 
falling at -110 ppm is first positioned and its fit to the 
experimental lineshape optimised. If necessary, further peaks at 
-100 ppm and -91 ppm {corresponding to Q3 and Q2 sites 
respectively) are introduced and the fit optimised by iterating 
on chemical shift, width and intensity of the component 
Gaussians. The results of this lineshape analysis strongly 
supports the interpretation of the neutron data previously 
discussed. Cabosil, the 200A pore gel, the densified gel and the 
CS2040 AQ are well fitted by two component Gaussians with the 
major component falling at -110. However, the 50A gel and the 
CS2040 NAQ require a significant peak at -105 ppm. Thus it is 
observed that samples which contained a significant number of 
three membered rings, as determined by neutron diffraction, also 
require a Gaussian component at -105 ppm. This component was not 
enhanced by proton cross polarisation and therefore is not a 
silanol species. Instead it can be assigned to Q4 species in 
three membered rings which will necessarily be associated with 
small Si-O-Si bond angles. Chemical shift and Si-O-Si bond angle 
have been seen to correlate as follows: 
6 (ppm) = -0.59(¢) - 2.21 
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where ¢ is the si-o-si bond angle in degrees. The Q4 peak centred 
at -110 ppm is associated with ¢ > 145° (which is typical of a 
4, 5 or 6 membered ring) , whereas a peak at -105 ppm is 
associated with¢= 138°, such a bond angle would be expected for 
a three membered ring structure. Table 2 summarises the results 
of the line fitting analysis. 
Table 2: Results of MAS NMR experiments 
Sample 8 (ppm) Peak fitting parameters 
8 (ppm) relative area (%) 
50A gel -109.0 -95.3 19 
-104.1 59 
-109.0 22 
200A gel -111.9 -101.9 25 
-111.8 75 
Densified -111.8 -95.8 20 
gel -111.8 80 
CS2040 NAQ -111.9 -100.1 28 
-107.2 14 
-111.9 58 
CS2040 AQ -109.9 -100.9 28 
-109.9 72 
Cabosil -109.8 -98.6 29 
-109.8 71 
± 0.5 0.5 5 
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4. Small angle neutron scattering 
Small angle neutron scattering (SANS) experiments have been 
performed on instrument D17 at ILL, Grenoble. By using both 
natural and isotopically substituted nickel/silica it was 
possible to investigate the potential of SANS to study 
simultaneously changes in both silica .pore size and metal 
particle size as a function of thermal treatment of a 
nickel/silica catalyst. These studies were only performed on 
reduced samples of nickel supported on silica produced by ICI. 
The silica support had been hydrothermally processed to yield a 
pore diameter which can be observed using the SANS technique. 
Following reduction the catalysts were heated in flowing hydrogen 
at the temperatures indicated in Table 3. Analysis suggests a 
bimodal distribution in nickel particle size; the smaller 
particles being resistant to sintering up to temperatures of 
700°C. A SANS study of nickel silica heated to 950°C in flowing 
hydrogen showed complete collapse of the pore structure and loss 
of discrete nickel particles in the catalyst - these results are 
consistent with nickel silicate formation at this temperature. 
A summary of the results is presented in Table 3. BET pore size 
measurements have been performed on samples taken from the same 
batch as was used in the SANS experiments. The general 
conclusions are as follows: 
i) The silica support is stable to thermal treatment at 450°C, 
600°C and 750°C; i.e. there is no significant change in any of 
the parameters characterising the pore structure. 
ii) There are changes in the size of the nickel particles with 
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treatment temperature. These results can be explained in terms 
of a bimodal distribution of nickel particle sizes with 
representative dimensions of 10-20A and 200-400A. The larger 
particles are free to migrate on the surface and agglomerate at 
all treatment temperatures studied. The smaller nickel particles 
appear to be resistant to sintering upto 750°C, where the 
smallest particle diameter was observed to begin to increase. 
Table 3: Results of SANS studies 
Pore size characteristics 
Treatment 
temp., °C 
450 
600 
750 
Surface Fractal Mean pore Smallest pore BET 
dimension 1 D8 Dia. 1 A Dia. , A 
3.89 96 7.3 106 
3.85 99 6.9 111 
3.71 118 6.8 114 
Nickel particle size characteristics 
Treatment 
temp. 1 °C 
450 
600 
750 
Surface Fractal 
dimension, D
8 
6.00 
4.00 
2.35 
Mean pore 
Dia., A 
99 
87 
69 
Smallest pore 
Dia., A 
8.2 
8.3 
11.7 
ＱＶＰｾ＠
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